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ABSTRACT 


The nonglacial Pleistocene formations of central and western Kansas have been studied at many locali- 
ies during the last ten years. In this paper the results of these investigations are reviewed, the major aspects 
pf the stratigraphy are discussed, and the most significant problems are listed. Recent work has resulted in 
he assignment of a Pleistocene age to heterogeneous deposits, formerly believed to be Tertiary, that occur 

idely in western Kansas and the assignment of a Tertiary age to some sediments of central Kansas, formerly 
bupposed to be Pleistocene, that now are differentiated as the Emma Creck formation. Some perplexing 
problems have been answered, but new and formerly unsuspected problems have been brought to light. The 
most important stratigraphic problem is the proper definition and delineation of the Pliocene-Pleistocene 
boundary. Other problems that warrant detailed future studies are correlations among the several strati- 
graphic units discussed and correlation of these nonglacial formations with the glacial formations of the 


pper Mississippi Valley. 


INTRODUCTION 

Studies of the nonglacial Pleistocene 
deposits of central and western Kansas 
have been revived after nearly half a 
entury of inactivity, and during the 
past several years they have been carried 
on extensively. M. K. Elias’ in 1931 
brought to notice some Pleistocene prob- 
lems in writing on the geology of Wallace 
County. Real impetus to work on the 
western Kansas Pleistocene deposits has 
been given by C. W. Hibbard, who has 
Bcollected and described fossil mammals 
irom many localities. In 1938 the State 
Geological Survey of Kansas and the 
United States Geological Survey initi- 
ated regional co-operative ground-water 
studies over many of the southwestern 
Kansas counties. Because the surficial 

*“The Geology of Wallace County, Kansas,” 
Kan. Geol. Surv. Bull. 18 (1931), pp. 1-254. 


water-bearing rocks of western Kansas 
are largely of Pliocene and Pleistocene 
age, this program led to detailed county 
studies of these deposits. As a prelimi- 
nary step in this program, the regional 
geology of southwestern Kansas was 
studied by H. T. U. Smith.? Ground- 
water studies have been made in central 
and western Kansas by Frank Byrne, 
V. C. Fishel, John C. Frye, Bruce F. 
Latta, Stanley W. Lohman, Thad G. 
McLaughlin, H. A. Waite, and C. C. 
Williams, all members of the state or 
federal geological survey staffs. Recently, 
A. Byron Leonard has made detailed 
studies of the molluscan faunas. The 
published works of these men have been 
used extensively in the preparation of 
this paper. 

2 “Geologic Studies in Southwestern Kansas,”’ 
Kan. Geol. Surv. Bull. 34 (1940), pp. 1-240. 


























74 





Central and western Kansas is situ- 
ated in the High Plains and Plains Bor- 
der sections of the Great Plains physio- 
graphic province and the western part of 
the Osage Plains section of the Central 
Lowlands physiographic province. Most 
of the central Great Plains region was 
subjected to subaerial erosion during 
early Tertiary time. Cenozoic deposition 
was initiated at different times in the 
various parts of the region. In northern 
Nebraska, earliest Tertiary deposition 
occurred during the Oligocene epoch 
and is represented by the Chadron for- 
mation and the Brule clay. These were 
followed, in Miocene time, by the deposi- 
tion of beds comprising the Arikaree and 
Hemingford groups, and in Pliocene 
time by the Ogallala group. South of 
Kansas, in western Oklahoma, the oldest 
known Tertiary formation is the Laverne 
of early Pliocene and possibly latest Mio- 
cene age. Tertiary deposits older than 
Pliocene are not known to exist in Kan- 
sas; but, with possible exception of an 
area in the west-central part of the state, 
the High Plains region of Kansas was 
completely covered by stream deposits 
at some time during the Pliocene. Ex- 
tensive Pleistocene deposits occur in 
central and western Kansas; they lie un- 
conformably on Tertiary deposits, as 
basin fillings, terrace deposits, aban- 
doned valley fillings, and upland de- 
posits of loess and dune sand. 

The purpose of this paper is to sum- 
marize the major aspects of the stratig- 


3N. M. Fenneman, “Physical Divisions of the 
United States (Map),” U.S. Geol. Surv. (1930), 
scale 1: 7,000,000. 

4A. L. Lugn, “Classification of the Tertiary 
System in Nebraska,” Bull. Geol. Soc. Amer., Vol. 
L (1939), p. 1264. 


5 John C. Frye and Claude W. Hibbard, ‘‘Plio- 
cene and Pleistocene Stratigraphy and Paleontology 
of the Meade Basin, Southwestern Kansas,” Kan. 
Geol. Surv. Bull. 38, Part XIII (1941), pp. 398-403. 
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raphy of the Pleistocene deposits in the 
Great Plains of Kansas and to point out 
some of the most significant problems so 
far recognized. 


GENERAL CONSIDERATIONS 
DEFINITION OF PLEISTOCENE 

In any general consideration of the 
Pleistocene problems of central and 
western Kansas, the criteria used in de- 
termining the boundary line between 
beds of Pliocene and Pleistocene age as- 
sume great importance. In order better 
to understand the problems in the Great 
Plains, it seems advisable to review 
briefly the development of the term 
“Pleistocene.” 

General—Subdivisions of the Ceno- 
zoic era commonly used by geologists 
were originally based on the percentage 
of living species found to occur as fossils 
among the marine molluscan faunas of 
the various strata. Charles Lyell’ in 
1839 first used the term “Pleistocene” 
to designate those marine strata in the 
Mediterranean region which contain 70 
per cent or more of modern species. In 
1846 Edward Forbes’ considered Lyell’s 
term “Pleistocene” a synonym for “‘gla- 
cial beds” and applied it to the glacial 
deposits in the British Isles. In 1873 
Lyell’ referred to Forbes’s usage of 
“Pleistocene” and stated that it had not 
been used as short for ‘‘Newer Pliocene,” 
as Lyell had originally intended, but as 
‘‘Post-Pliocene.”’ Lyell advised that the 

® Elements of Geology (French translation, 
Paris, 1839), Appendix, pp. 616-21. 


7 “On the Connexion between the Distribution of 
the Existing Fauna and Flora of the British Isles, 
and the Geological Changes Which Have Affected 
Their Area, Especially during the Epoch of the 
Northern Drift,’’ Great Britain Geol. Surv. Mem. 1 
(1846), pp. 402, 403. 


8 Antiquity of Man (4th ed.; London: Murty, 
1873), PP- 35 4- 
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term ‘‘Pleistocene”’ be used in a strati- 
graphic sense to apply to the lower sub- 
division of the Post-Tertiary (Post- 
Pliocene). 

J. E. Eaton’'has critically discussed 
the early usage of ‘‘Pleistocene”’ and has 
pointed out that Lyell’s 1873 restriction 
reduced the average extinction of marine 
molluscan species to 10 per cent or less. 
He also suggested that Lyell’s 1873 
usage of “‘Pleistocene”’ in a purely strati- 
graphic sense, although including all the 
glacial section of the British Isles, did 
not necessarily imply age correlation of 
any of the glacial beds with any of the 
typical marine beds of the Mediter- 
ranean region. 

M. Grace Wilmarth,’® in 1925, re- 
ported acceptance by the United States 
Geological Survey of Lyell’s revised def- 
inition of Pleistocene and stated that it 
“includes the deposits of the Great Ice 
Age, as it is popularly known, and con- 
temporaneous marine, fluviatile, lacus- 
trine, and volcanic rocks. In some areas 
it also probably includes some preglacial 
deposits and some post-glacial deposits 
older than those of the Recent epoch.”’ 

Eaton" stated that deposits classed as 
Lower (marine) Pleistocene in California 
are certainly older than the oldest known 
glacial deposits of the state and that the 
seas—although cooler than during the 
preceding Pliocene time—were not cold 
or glacial, as would be expected if the be- 
ginning of Pleistocene time were syn- 


9“The Pleistocene of California,” in ‘Geo- 
logic Formations and Economic Development of 
the Oil and Gas Fields of California,” prepared 
under the direction of Olaf P. Jenkins, Calif. Dept. of 
Natural Resources, Div. of Mines Bull. 118 (1943), 
pp. 203-4. : 

© “The Geologic Time Classification of the 
United States Geological Survey Compared with 
Other Classifications,” U.S. Geol. Surv. Bull. 769 
(1925), p. 49. 


** Ftn. 9 (1943). 
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chronous with a widespread continental 
glaciation. It is possible, as he implies 
for California, that minor ice advances 
may have occurred prior to the oldest 
recorded glaciation, their deposits being 
completely destroyed by a more wide- 
spread glaciation. 

Glacial Pleistocene deposits of North 
America have been studied in detail in 
areas where they do not interfinger with 
marine beds or overlie marine Upper 
Pliocene deposits. Possibly for this rea- 
son, a more or less distinct definition of 
the Pleistocene has been used in the 
glaciated areas and has been generally 
accepted by many geologists as the 
standard definition of the series. In cen- 
tral North America, Pleistocene time is 
considered to have started with the ad- 
vance of the Nebraskan continental ice 
sheet. This might establish a fairly satis- 
factory time-marker, but there does not 
seem to be consistency in the thinking of 
various geologists as to whether the 
Pleistocene began (a) when the ice fields 
started to form at the various centers of 
accumulation, (6) after the ice had 
moved out a little way from these cen- 
ters, (c) when the ice crossed the inter- 
national boundary line, or (d) when it 
reached its maximum extent. Although 
it is not uncommon for a lithologically 
distinct formational unit, such as a till 
sheet, to be of slightly different ages at 
different places, a unit of time, such as 
an epoch, cannot well have a sliding scale 
at its base. If the point in time which 
marks the first accumulation of ice that 
gave rise to the first major ice sheet (the 
Nebraskan) is arbitrarily chosen, we 
have an understandable definition for 
the beginning of Pleistocene time in in- 
terior continenta) North America; how- 
ever, we do not know whether such an 
arbitrary time line coincides with the 
time line or lines used in marine sections 









or in glacial sections of other parts of the 
world, and we do not know whether satis- 
factory correlation of these various lines 
can be established. 

Central Great Plains —Still another 
definition of Pleistocene time has been 
used as applied to the nonmarine-non- 
glacial deposits of the central Great 
Plains. This generally used but mostly 
unstated definition may or may not co- 
incide with either of the other two, but 
it is probably more closely related to 
glacial than to marine usage. 

In a committee report published in 
1941,* mammals considered to be char- 
acteristic of Pleistocene time were listed, 
and the entire assemblage was referred 
to the Equus faunal zone. It is seemingly 
impossible, however, to specify a verte- 
brate fauna that can be used as a. index 
to the lowermost Pleistocene over all of 
the western interior of the United States. 
Many species of vertebrates range verti- 
cally from Pliocene to Pleistocene. Mam- 
mals, the most abundant and most diag- 
nostic of the vertebrates, migrate readily 
in response to climatic change. The geo- 
graphic range of many mammalian spe- 
cies probably shifted entirely across the 
United States more than once during 
Pleistocene time, and now similar as- 
semblages of fossil mammals can be 
found in the High Plains deposits sepa- 
rated vertically by a different assem- 
blage of fossil mammals. The migratory 
nature of these forms leads one to expect 
that the Aftonian fauna of southern 
Canada should possess more forms in 
common with the Nebraskan fauna than 
with the Aftonian fauna of southern 
United States. The foregoing considera- 
tions suggest that it is not possible to 


12 Horace E. Wood ef al., “Nomenclature and 
Correlation of the North American Continental 
Tertiary,” Bull. Geol. Soc. Amer., Vol. LII (1941), 
m. 13, Fi f. 
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make certain and detailed correlations of 
Pleistocene beds within the Great Plains 
region by the simple expedient of match- 
ing fragmentary vertebrate faunas. In 
order that detailed correlations have 
much validity, they must be based on 
relatively large faunal assemblages and 
must be consistent with the climatic 
history of the region. 

In western Kansas, in the Meade 
Basin only, beds have been studied that 
are known to be older than the basal 
Meade gravels, classed as Pleistocene, 
and younger than the “cap rock” or 
“Algal limestone” that marks the top of 
the Middle Pliocene Ogallala. It is in 
this area, therefore, that the problem of 
defining the Lower Pleistocene boundary 
assumes the most significant importance. 
For many years most of the beds in this 
structural basin, including the Meade 
formation and Kingsdown silt, were re- 
ferred to the Tertiary, although S. W. 


Williston’ in 1897 pointed out that the | 


fossils collected by Cragin should be 
considered Pleistocene. During the past 
decade, Hibbard has described verte- 
brate fossils, from the strata above the 
Rexroad member of the Ogallala, that 
he believed were Pleistocene; and until 
the publication in 1944 of a paper by 
Paul O. McGrew" the usage generally 
accepted was that of Frye and Hibbard* 
in their discussion of the stratigraphy 
and paleontology of that area. The de- 
termination of the beginning of Pleisto- 
cene time was based primarily on fossil 
vertebrates and lithologic evidence that 
seems to indicate a widespread break in 
sedimentation, followed by the deposi 


'3“The Pleistocene of Kansas,” Kan. Unit. 


Geol. Surv., Vol. II (1897), p. 300. 

'4““An Early Pleistocene (Blancan) Fauna from 
Nebraska,” Field Mus. Nat. Hist., Geol. Ser., Vol. 
IX, No. 2 (1944), pp. 33-06. 


15 Pp. 389-424 of ftn. 5 (1941). 







































tio 
the 


sul 
Mc 
tac 
lait 
cla 
per 


pre: 
dati 
Rex 
mol 
Plei 
Mis 
out 

Mc( 
faur 
trul: 
que! 
enec 
cam 
posi 
toad 
take 
35-4 








1S of 
ains 
tch- 
. In 
lave 
1 on 
and 
atic 


cade 
that 
asal 
ene, 
” or 
p of 
s in 
m. of 
dary 
nce, 
this 
eade 
> Te 


_W. 


. the | 


1 be 
past 
erte- 
» the 
that 
until 
r by 
rally 
ard’ 
aphy 
> de- 
‘isto- 
fossil 
that 
uk in 
posi- 


Unit. 


. from 
., Vol. 








tion of sediments having coarser texture 
than the underlying Tertiary sediments. 
These coarse sediments may be the re- 
sult of the first glaciation in the Rocky 
Mountain region to the west. The con- 
tact, however, is not everywhere over- 
lain by coarse gravels, and the strata 
classed as Pleistocene contain a large 
percentage of fine-textured deposits. In 
many places this disconformity merely 
serves to localize the contact between 
beds that bear two vertebrate faunas, 
the fossil vertebrates actually constitut- 
ing the dating criteria. 

McGrew” correlated the fauna of the 
supposed Upper Pliocene Rexroad mem- 
ber of the Ogallala formation with his 
Sand Draw fauna of Nebraska which he 
believes to be of Pleistocene (Aftonian) 
age. This correlation again raises the 
problem of delineation of the Pliocene- 
Pleistocene boundary line. Although the 
exact age of the Rexroad beds is now in 
doubt, there are several aspects of Mc- 
Grew’s basis of correlation that lead the 
present writer to believe that the earlier 
dating, by Frye and Hibbard, of the 
Rexroad member as Upper Pliocene is 
more consistent with the definition of 
Pleistocene time as used in the upper 
Mississippi Valley. It should be pointed 
out that three of the mammals listed by 
McGrew"? as occurring in the Rexroad 
fauna were earlier questioned as being 
truly a part of that fauna,"* and subse- 
quent field observations have strength- 
ened the belief that these forms actually 
came from overlying Pleistocene de- 
posits. The vertebrate fauna of the Rex- 
toad is a warm-climate fauna and was 
taken in its entirety from the uppermost 
35-40 feet of a member known to have a 


© Ftn. 14 (1944). 
"7 [bid., p. 39. 
*® Frye and Hibbard, p. 409 of ftn. 5 (1941). 
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total thickness of about 250 feet. A. By- 
ron Leonard, of the University of Kan- 
sas, is now studying snails from test 
holes drilled through the entire thickness 
of the Rexroad. These snails were taken 
from samples at depths of as much as 200 
feet below the top of the member, and 
they also indicate a warm climate. 
Stratigraphically, the Rexroad beds are 
believed to rest conformably upon beds 
generally considered to be of Middle 
Pliocene age, and they are separated 
from the overlying Meade formation by 
a distinct unconformity. This uncon- 
formity can be seen at the type locality 
of the Rexroad and along canyons for 
10 miles north of that locality; but at the 
type locality of the Meade formation, 
although the Rexroad beds are believed 
to be absent, the unconformity at the 
base of the Meade formation is less clear- 
ly recognizable in the field. Hibbard’? 
has correlated a cold-climate fauna 
(Cudahy), that occurs stratigraphically 
more than 30 feet above the base of the 
Meade formation and below a warm- 
climate fauna (Borchers), with the fauna 
of the oldest terrace deposit along the 
Smoky Hill Valley. This old terrace is 
the highest and oldest of three distinct 
Pleistocene terraces and is probably con- 
tinuous with the other extensive high 
terraces of northern Kansas. As Kansan 
and Nebraskan tills are both known to 
occur in northeastern Kansas, it seems 
likely that terraces would have devel- 
oped during Nebraskan time if extensive 
terraces were formed in the area in Kan- 
san time. Owing to the incomplete nature 
of the field data, however, definite cor- 
relations by this method must await 
more extensive and detailed studies. Re- 
gardless of the validity of McGrew’s 


9“Stratigraphy and Vertebrate Paleontology 
of Pleistocene Deposits of Southwestern Kansas,” 
Bull. Geol. Soc. Amer., Vol. LV (1944), pp. 707-54. 
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faunal correlations, his conclusion that 
certain fossil mammals of the plains re- 
gion represent the Aftonian of the glacial 
section”® is in part based on unpublished 
geological observations indicating that 
deposits at the Broadwater locality in 
Nebraska are of Aftonian age. 
McGrew” states that there is little 
geological evidence for assigning the Rex- 
road to the late Pliocene. However, the 
geological evidence is not contradictory 
to such a classification because these 
beds seem to be generally conformable 
on known Pliocene and unconformable 
below deposits that are agreed to belong 
to the Pleistocene. They contain only a 
small percentage of material that has the 
appearance of redeposited Ogallala, 
whereas the overlying beds contain 
abundant abraded pebbles of ‘mortar 
beds” and caliche. The Rexroad is re- 
stricted to a structural “trap” produced 
by faulting, whereas the Pleistocene de- 
posits of the area occur widely beyond 
the limits of such “‘traps.”’ It is hardly 
to be expected that sediments accumu- 
lated in central and western Kansas only 
in one small structural “trap” during 
Nebraskan and Aftonian time and were 
deposited throughout much of the region 
during Kansan and Yarmouth time. Al- 
though movement along faults was ini- 
tiated in Rexroad time, it continued into 
definite Pleistocene time, and most of the 
major sinkhole development occurred 
subsequent to deposition of the Rexroad. 
The definition of the beginning of 
Pleistocene time in central and western 
Kansas should be considered as yet an 
unsolved problem. For the purpose of 
this paper Frye and Hibbard’s usage is 
followed, and in the Meade Basin area 
only those beds lying stratigraphically 
above the Rexroad member of the Ogal- 
20 McGrew, p. 37 of ftn. 14 (1944). 
1 Ibid., p. 38. 
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lala formation, and generally agreed to 
be Pleistocene, are included within the 
Pleistocene. 

Owing to the scarcity of Pleistocene 
fossil vertebrates in the upper Missis- 
sippi Valley region, it will probably be 
impossible to make satisfactory correla- 
tions between the central Great Plains 
and the glaciated areas on the basis of fos- 
sils alone. It seems likely that the most 
feasible method of detailed correlations 
between these two regions is to trace 
terrace deposits eastward down the 
major drainage ways into the glaciated 
area. 

STRATIGRAPHIC USAGE 


The classification of the nonglacial 
Pleistocene beds in the central Great 
Plains has not been governed clearly in 
all cases by the rules of stratigraphic 
nomenclature. There is uncertainty 
inasmuch as many Pleistocene deposits 
in this area that underlie terraces at 
several levels (now partly dissected and 
discontinuous), fill isolated sinkholes, 
and occur on the bottoms of abandoned 
high level valleys, may be equivalent in 
age to various parts of a more widespread 
formation deposited in an _ extensive 
basin or on the uplands. Article 18 of the 
“Rules of Stratigraphic Nomenclature’™ 
states that “formal names shall not be 
applied to deposits of merely local ex- 
tent.”” The Wisconsin drift is cited as 
an example of a widespread Pleistocene 
unit that should be governed by the rules 
applying to formal names. The only 
Pleistocene unit in central and western 
Kansas comparable in lithologic uni- 
formity and geographic extent to the 
Wisconsin drift is the upper gray loess of 
the Sanborn formation. The problem at 

22 G. H. Ashley et al., “Classification and Nomen- 
clature of Rock Units,” Bull. Geol. Soc. Amer., 
Vol. XLIV (1933), pp. 423-59. 


23 [bid., p. 441. 
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once arises as to whether local deposits 
having a certain uniformity of lithologic 
character should be referred to an ad- 
jacent more widespread formation, rep- 
resenting somewhat dissimilar environ- 
mental conditions and perhaps a greater 
span of time, or, on the other hand, sever- 
ally should be given formal stratigraphic 
names. 

Local names are now applied to a num- 
ber of slightly dissimilar and discon- 
nected deposits in central and western 
Kansas, and there are unnamed minor 
and isolated deposits. It may be found 
advisable at some future date to apply 
certain of the existing names more wide- 
ly and to discontinue the local names 
now in use. At present, however, it seems 
that the retention of local names, each 
of which has a specific meaning and 
usage somewhat different from any 
other, results in greater clarity and use- 
fulness in the Pleistocene classification. 


PREVIOUS WORK ON KANSAS 
PLEISTOCENE DEPOSITS 


The presence of glacial deposits in 
northeastern Kansas has been known for 
more than fifty years,*4 and, although 
there has been some question as to the 
correlation of Nebraskan and Aftonian 


4G. C. Swallow, “Quaternary Deposits of Mis- 
souri,”’ Proc. Amer. Assoc. Adv. Sci., Vol. XI, Part II 
1858), pp. 21-39; B. F. Mudge, “First Annual 
Report of Geology of Kansas” (1866), pp. 12-15; 
T.C. Chamberlin, “Preliminary Paper on the Termi- 
nal Moraine of the Second Glacial Epoch,” Ann. 
Rept. U.S..Geol. Surv., Vol. III (1883), map, pp. 
291-402; Chamberlin, in James Geikie’s The Great 
Ice Age (New York: D. Appleton & Co., 1895), 
pp. 724-75; J. E. Todd, “Kansas during the Ice 
Age,”’ Kan. Acad. Sci. Trans., Vol. XXVIII (1918), 
Dp. 33-47; W. H. Schoewe, ‘‘Glacial Geology of 
Kansas,” Pan-Amer. Geol., Vol. XL (1923), pp. 
102-10; G. F. Kay and Earl T. Apfel, “The Pre- 
lllinoian Pleistocene Gec logy of Iowa,’”’ Jowa Geol. 
Surv., Vol. XXXIV (1928), pp. 1-304; W. H. 
Schoewe, “Evidence for a Relocation of the Drift 
Border in Eastern Kansas,’ Jour. Geol., Vol. 
XXXVIII (1930), pp. 67-77. 
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deposits in this area,” glacial till has been 
recognized with certainty over most of 
the area north of the Kansas River Val- 
ley and east of central Washington 
County.” 

Pleistocene deposits in central Kansas 
were first described in 1892 and referred 
to the “Equus beds” by J. Lindahl.?’ 
The age of these deposits, which were 
also early referred to as the “Sheridan 
beds,’’* was based on the fossil verte- 
brates collected from several sand and 
gravel pits, particularly from a pit in 
northwestern McPherson County now 
believed to occur on the west side of the 
filled and abandoned McPherson Valley. 
These beds subsequently were studied in 
some detail by Erasmus Haworth and 
J. W. Beede,”’ who in 1897 renamed them 
the ‘McPherson Equus beds.” 

The Pleistocene of northwestern Kan- 
sas has been almost completely unknown 
until recent years, although Robert 
Hay’s*® “Tertiary marl” was believed to 
extend over that part of the state. An 
early reference to Pleistocene terrace de- 
posits in Russell County was made in 
1897 by W. N. Logan,* who named the 
“Salt Creek gravel beds.’’ Elias* first 


*5 Frye, “Reconnaissance of Ground-Water 
Resources in Atchison County,’”’ Kan. Geol. Surv., 
Bull. 38, Part TX (1941), pp. 246-47. 

26 Schoewe, “Evidence for the Relocation of West 
Drift Border in Eastern Kansas,” Kan. Acad. Sci. 
Trans., Vol. XLII (1939), p. 367. 

27 “Description of a Skull of Megalonyx leidyi, 
n. sp.,” Trans. Amer. Phil. Soc., Vol. XVII (1892), 
pp. I-Io. 

27W. B. Scott, Introduction to Geology (New 
York: Macmillan Co., 1897), pp. 532-33. 

29“*The McPherson Equus Beds,” Kan. Univ. 
Geol. Surv., Vol. II (1897), pp. 285-96. 

3° Kan. State Board of Agric., 8th Biennial Report 
(1893), p. Ior. 

31“The Upper Cretaceous,” Kan. Univ. Geol. 
Surv., Vol. II (1897), pp. 218-19. 


32 Ftn. 1 (1931). 
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described in 1931 the occurrence in 
northwestern Kansas of Pleistocene loess 
and scattered gravel deposits, which he 
named the “Sanborn formation.” 

For many years Pleistocene fossils 
have been known to occur in southwest- 
ern Kansas, but no distinct formational 
units of Pleistocene age were defined 
prior to the present decade. In 1893 Hay** 
named and described deposits now known 
to be of Pleistocene age as the ‘Plains 
marl” or “Tertiary marl.”’ Later, F. W. 
Cragin** collected fossils from Pleisto- 
cene deposits and in 1896 named the 
“Meade gravels,” ‘“Pearlette ash,” and 
“Kingsdown marl” ; however, he believed 
that these deposits were Pliocene rather 
than Pleistocene in age. Williston** in 
1897 stated that the fossils listed by 
Cragin as occurring in three supposed 
Pliocene formations clearly showed them 
to be of Pleistocene age. However, he 
questioned the great thickness of Pleisto- 
cene deposits thus implied. At the same 
time, Williston stated that the ‘Plains 
marl” was evidently a part of the “Equus 
beds.” In 1896 and 1897, Haworth?’ pub- 
lished data concerning the structure and 
ground-water resources of beds in south- 
western Kansas now classed as Pleisto- 
cene. In 1901 W. D. Johnson** described 
in great detail the unconsolidated de- 


33 Ftn. 30 (1893). 

34“Preliminary Notice of Three Late Neocene 
Terranes,”’ Colorado College Studies, Vol. VI (1896), 
PP. 53-54. 

35 Ftn. 13 (1897). 

36 Tbid., p. 306. 


37“Local Deformation of Strata in Meade 
County, Kansas, and Adjoining Territory,” Amer. 
Jour. Sci., Vol. II (4th ser., 1896), pp. 368-73; 
“Underground Waters of Southwestern Kansas,” 
U.S. Geol. Surv., Water Supply Paper 6 (1897), 
pp. 1-65; “Physiography of Western Kansas,” 
Kan. Univ. Geol. Surv., Vol. II (1897), pp. 11-49. 

38“The High Plains and Their Utilization,” 
U.S. Geol. Surv., 21st Ann. Rept., Part IV (1901), 
pp. 601-741. 


JOHN C. FRYE 





posits of the southern High Plains; but, 
as he did not subdivide these beds or 
specifically designate a Pleistocene for- 
mation, he presumably believed them to 
be largely of Tertiary age. 


AREAS OF PLEISTOCENE DEPOSITS 
IN KANSAS 


The Pleistocene deposits of Kansas 
are discussed in this paper by geographic 
regions: (1) the northeastern Kansas 
area that was subjected to continental 
glaciation, which is now covered by till, 
glacio fuvial, and eolian deposits; (2) 
the large area in central, north-central, 
and northwestern Kansas that contains 
extensive nonglacial deposits consisting 
mostly of valley fills (including high- 
level abandoned valleys), terrace de- 
posits, and extensive and widespread 
deposits of eolian loess that mantle both 
the water-laid Pleistocene deposits and 
the older rocks; (3) the southwestern 
Kansas area that is characterized by 
thick, more or less persistent, basin de- 
posits and associated terrace beds; and 
(4) the southeastern Kansas area that 
contains thin, nonpersistent terrace de- 
posits, generally unrelated to the prob- 
lems discussed in this paper. 


CENTRAL KANSAS 


During the last sixty years the “Equus 
beds area” in Sedgwick, Harvey, Mc 
Pherson, and adjacent counties of cen- 
tral Kansas has been a profitable coliect- 
ing ground for Pleistocene fossil mam- 
mals. Haworth and Beede*® considered 
all the unconsolidated deposits lying 
above the Permian in this area as part ol 
the ““McPherson Eguus beds”’ of Pleisto- 
cene age. They believed all the deposits 
to be of fluvial origin, but, owing to the 
height of the “McPherson ridge” and the 


39 Ftn. 29 (1897). 
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supposed absence of terraces, they stated 
that they were at a loss to explain the 
history of the depositing stream. In 1937 
a study of ground-water resources of this 
area was undertaken by the state and 
federal geological surveys, working in 
co-operation. As a result of these studies 
an extensive body of eolian loess, be- 
lieved to attain a maximum thickness of 
more than roo feet under the ““McPher- 
son ridge,’’4? was separated from the 
underlying water-laid Pleistocene 
posits. Evidence was discovered also in- 
dicating that the unconsolidated stream 
deposits capping the uplands are of Plio- 
cene rather than Pleistocene age.** Ac- 
cordingly, the term ‘‘McPherson forma- 
tion” was restricted to include only the 
fluvial Pleistocene deposits, and a new 
formation, the Emma Creek, was named 
and described to include the newly differ- 
entiated Pliocene deposits. The stratig- 
raphy and vertebrate fauna of these two 
formations were discussed in more detail 
in 1941. Deposits that are believed to 
have been continuous with the restricted 
McPherson formation recently have been 
traced westward as terrace deposits along 
the Smoky Hill River Valley.*? Isolated 
areas of deposits of comparable Pleisto- 
cene age are known to occur on inter- 
mediate topographic levels north of the 


de- 


Frye, “Physiographic Significance of Loess 
Near McPherson, Kansas,’’ Bull. Amer. Assoc. Pet. 
Geol., Vol. XXIII, No. 8 (1939), pp. 1232-33. 


#*Stamley W. Lohman and John C. Frye, “Ge- 
dlogy and Ground-Water Resources of the ‘Equus 
Beds’ Area in South-Central Kansas,” Econ. Geol., 
Vol. XXXV (2940), pp. 839-66. 


# Frye and Hibbard, “Stratigraphy and Paleon- 
tology of a New Middle and Upper Pliocene Forma- 
tion of South-Central Kansas,” Jour. Geol., Vol. 
XLIX, No. 3 (1941), pp. 261-78. 


43 John C. Frye, A. Byron Leonard, and Claude 
W. Hibbard, “Westward Extension of the Kansas 
‘Equus Beds,’ ” Jour. Geol., Vol. LI, No. 1 (1943), 
DP. 33-47. 
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“Equus beds area” in Saline, Ottawa, 
and Cloud counties. 


CHARACTER OF THE DEPOSITS 


The Pleistocene deposits of central 
Kansas consist of gravel, sand, and silt, 
which occur as abandoned valley fillings 
and terrace deposits, and extensive areas 
of eolian loess that blankets both the 
older Pleistocene beds and the pre- 
Quaternary rocks. Volcanic ash deposits 
have been observed that are believed to 
be of two distinct ages. Pleistocene 
stream deposits also occur as the older 
part of the alluvial fill along such valleys 
as the Arkansas, although the alluvium 
below the flood plains of other streams, 
such as the Smoky Hill, is believed to be 
entirely Recent in age. 

The dating of the several unconsoli- 
dated formations in central Kansas has 
been based largely on fossil mammals, al- 
though the various stratigraphic units 
have been differentiated in the field by 
physical means. Haworth and Beede de- 
scribed these unconsolidated deposits in 
the “Equus beds” area as being free from 
arkosic materials; Lohman and Frye 
stated that the Pleistocene deposits con- 
tain appreciable percentages of feldspar 
and granite grains, although the Emma 
Creek is virtually free from them. Subse- 
quent field observations have revealed 
that locally the sand and gravel beds of 
the Emma Creek formation (particularly 
the “lower”? Emma Creek, or Middle 
Pliocene part) are equally as arkosic as 
the Pleistocene deposits. In northern 
McPherson County and northward the 
two formations can generally be sepa- 
rated by their topographic position. The 
Pleistocene stream deposits occur as val- 
ley fillings and on terrace levels, whereas 
the Tertiary deposits universally occur 
as a capping upland formation. Either 
formation may be overlain by loess. 








MAJOR PROBLEMS 


Several aspects of the stratigraphy of 
the Pleistocene beds in central Kansas, 
are not adequately known. Throughout 
the area of Tertiary deposits, scattered 
Pleistocene fossils have been collected 
along the minor stream valleys. At a few 
places thin terrace deposits overlying 
Tertiary beds are exposed. Farther east, 
particularly along the headwater streams 
of Walnut River, thin Pleistocene terrace 
deposits have been found resting directly 
on Permian bedrock. The exact correla- 
tion and regional significance of these 
minor Pleistocene deposits are yet to be 
determined. 

Several terraces of different ages with- 
in the Pleistocene have been described 
along Smoky Hill Valley northwest of 
the “‘Equus beds area.”’ The stream that 
deposited the oldest of these terrace beds 
most certainly joined the stream that 
flowed southward through the now aban- 
doned McPherson Valley; therefore, the 
deposits on one or more of these terrace 
levels are equivalent to the McPherson 
formation that fills the large north-south 
abandoned valley. It is yet to be deter- 
mined whether the major valley filling 
represents the time equivalent to the 
oldest or the intermediate of these ter- 
races farther west, or whether it includes 
beds of both ages. Because this filled val- 
ley lies close to the eastern edge of the 
Hutchinson salt bed of the Permian Wel- 
lington formation (less than 300 feet be- 
low the bedrock floor), it probably has 
been modified by solution and subsid- 
ence; therefore, physiographic position, 
a criterion that generally serves to differ- 
entiate the Pliocene from the Pleistocene 
in north-central Kansas, cannot be used 
safely to distinguish minor age differ- 
ences within the Pleistocene. 

Knowledge of the vertebrate faunas 
is not complete enough as yet to allow de- 
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tailed correlations. These considerations 
serve to obscure the exact age of the re- 
stricted McPherson formation within 
the Lower Pleistocene, and which, or how 
many, of the important terrace beds 
were deposited contemporaneously with 
the beds at the type locality of the Mc- 
Pherson formation. It is the opinion of 
the writer, based on relations of terraces 
to the till sheets to the northeast and of 
the McPherson to the younger loess, that 
all the beds referred to the McPherson 
formation are pre-Illinoian, but data are 
not yet available to make this opinion 
more than a working hypothesis. 

A prominent disconformity 
within the Pliocene Emma Creek forma- 
tion. The beds below this disconformity 
have yielded a characteristic Middle 
Pliocene vertebrate fauna,*4 but the beds 
above it have yielded only few fragmen- 
tary fossils; and, although physiographic 
data conclusively show the upper part of 
the Emma Creek to be older than the 
McPherson formation, it does not ex- 
clude the possibility that the formation 
may include some beds of earliest Pleisto- 
cene age. 

The upper surface of the Emma Creek 
formation, where it is well developed in 
east-central McPherson County, under- 
lies the surface of a relatively smooth 
and accordant upland plain. This up- 
land plain slopes gently to the south- 
southwest and can be traced, seemingly 
without a break, southward to Wichita. 
This surface extends south from Wichita 
along the east side of the Arkansas Val- 
ley, and southwest from Wichita it is 
seemingly accordant with the upland 
plain that extends south and southwest 
from the Arkansas Valley to the Okla- 
homa line. This topography leads one to 
believe that the deposits underlying such 
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44 Personal communication from Claude W. 
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a seemingly accordant surface are all of 
similar age, namely, Pliocene. Unfor- 
tunately for such a hypothesis, a rela- 
tively large number of fossil mammals 
of Middle to late Pleistocene age have 
been collected from the deposits under- 
lying this surface south of Arkansas 
River.* Remnants of a surface that has 
the appearance of being a continuation 
of this central Kansas plain extend west- 
ward for nearly 200 miles north of the 
Oklahoma line. This is not a smooth up- 
land surface such as occurs in McPherson 
County, but is more discontinuous, 
broken by areas of Permian bedrock ex- 
posures, and has the appearance of a 
hummocky or undulating plain. The 
post-Permian deposits under this surface 
for the entire distance are Upper Pleisto- 
cene to Recent in age. As this surface is 
traced westward, however, it is found to 
be bordered on the north and west by 
escarpments capped with deposits of 
Tertiary age. It is difficult to explain 
this age transition of the deposits under- 
lying such a continuous surface. In the 
area between the well-exposed Tertiary 
localities in McPherson County and the 
demoiusirable late Pleistocene localities 
in southern Sedgwick County and Sum- 
ner County, the age of the deposits un- 
derlying this surface is not known with 
certainty. 

An extensive and relatively flat plain 
underlain by unconsolidated deposits, be- 
lieved to be in large part of Pleistocene 
age, occurs west of the “Equus beds 
area”’ in Rice, Reno, Kingman, Pratt, 
Stafford, Barton, and southern Ells- 
worth counties. This large area has not 
been studied in sufficient detail to differ- 
entiate Pliocene from Pleistocene strata. 
The outcrops are poor and are nonexist- 
ent over much of the area; therefore, de- 
Claude W. 


communication from 
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tailed studies must be made with the aid 
of subsurface data. Bruce F. Latta is 
now studying the ground-water geology 
and subsurface stratigraphy of these de- 
posits in Barton and Stafford counties. 

The clarification of these problems in 
central Kansas requires not only more 
extensive lithologic studies and intensive 
collecting of fossils but also determina- 
tion of the drainage history of that part 
of the state during Pleistocene time. As 
the important Pleistocene deposits, ex- 
clusive of loess, in central, north-central, 
and northwestern Kansas are stream de- 
posits that seemingly accumulated along 
major valleys, their proper interpretation 
is intimately related to the drainage his- 
tory of the area. That the drainage his- 
tory was not simple, seems evident. The 
known facts have been summarized else- 
where,* but many aspects of this history 
are unknown. 


NORTHWESTERN AND NORTH- 
CENTRAL KANSAS 

The Pleistocene beds of northwestern 
and north-central Kansas consist largely 
of stream deposits on terraces and filling 
minor valleys, and the overlying younger 
loess. These strata seemingly fall into 
three main categories. (1) The first group 
of beds consists of stream deposits con- 
sidered Lower Pleistocene that accumu- 
lated as fillings in broad valleys. The 
lithology of these beds indicates that de- 
positing streams flowed eastward across 
this part of the state, carrying detritus 
from the Rocky Mountain region. Sedi- 
ments of local origin accumulated si- 
multaneously in tributary valleys. These 
deposits may in part represent outwash 
from glaciers in the Rocky Mountains. 
Poorly rounded boulders nearly 2 feet 
in diameter have been observed near the 


6 Frye, Leonard, and Hibbard, ftn. 43 (1943). 
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Colorado line,’ and it is difficult to ex- 
plain the presence of such blocks except 
as outwash from an adjacent glacier to 
the west. Along such major valleys as the 
Smoky Hill, Saline, and Solomon, there 
are several terrace levels, the coarse 
clastics in each case being capped with 
laminated to massive fine sand and silt. 
(2) The second group of sediments, oc- 
curring generally on the interstream 
areas, comprises the heterogeneous ag- 
gregation of beds below the horizon of a 
prominent soil zone in north-central 
Kansas. These deposits range from clay 
to gravel and in many cases occur topo- 
graphically above the level of the promi- 
nent terraces along the major valleys. 
Generally they are composed of rock 
types common to the adjacent bedrock, 
but in some cases rock fragments may 
have been transported for long dis- 
tances. Meager fossil evidence indicates 
that these beds are younger than the 
most prominent high terrace of the major 
valleys. (3) The third group of deposits 
consist of a general blanket of loess—or 
silt—that covers the major part of north- 
western Kansas and the interstream up- 
land areas of north-central Kansas. 

The Pleistocene strata of this part of 
Kansas have not been studied in detail. 
Logan* noted Pleistocene terrace gravels 
that he called “Salt Creek gravel beds” 
in Russell County. Robert Hay*? de- 
scribed the ‘‘Plains marl” or ‘Tertiary 
marl,” and N. H. Darton*® stated that 

47 Elias, p. 163 of ftn. 1 (1931); Hibbard, Frye, 
and Leonard, ‘Reconnaissance of Pleistocene 
Deposits in North-Central Kansas,’ Kan. Geol. 
Surv. Bull. 52, Part I (1944), measured section No. 
17. 

48 F tn. 31 (1897). 

49 P. ror of ftn. 30 (1893); “Preliminary Report 
on the Geology of Norton County, Kansas,” Kan. 
Acad. Sci. Trans., Vol. TX (1885), pp. 17-24. 

s° “The Geology and Underground Water Re- 
sources of the Central Great Plains,” U.S. Geol. 
Surv. Prof. Paper 32 (1905), p. 155. 
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loess covered much of northwestern 
Kansas. Pleistocene terrace deposits 
have been mentioned in several State 
Geological Survey reports™ dealing with 
this part of the state, and Wing named 
and described the Belleville formation, 
which may prove to include beds of 
Pleistocene age, in Republic County. 
The widespread loess and lower sand 
and gravel were described and named 
the Sanborn formation by Elias* in 1931, 
The stratigraphy, lithology, and fauna 
of this formation have recently been 
studied in a reconnaissance manner over 
a large part of northern Kansas.*4 Lugn® 
objected to the use of “Sanborn” and 
contended that (presumably exclusive 
of the prominent terrace beds) “‘Love- 
land” and “‘Peorian” should be used for 
these Pleistocene deposits. The strati- 
graphic names in current use for the 
Pleistocene beds in north-central and 
northwestern Kansas are: “Sanborn 
formation” for the extensive loess and 
associated lower beds extending from 
central Jewell County westward to the 
Colorado line; “Belleville formation” 
for the beds described in Republic Coun- 


st W. W. Rubey and N. W. Bass, “The Geology 
of Russell County, Kansas,’’ Kan. Geol. Surv. Bull 
10 (1925), p. 21; Bass, “The Geology of Ellis 
County, Kansas,” Kan. Geol. Surv. Bull. 11 (1926), 
p. 16; K. K. Landes, “Volcanic Ash Resources of 
Kansas,”’ Kan. Geol. Surv. Bull. 14 (1928), pp. 1-58 
Monta E. Wing, “The Geology of Cloud and Repub 
lic Counties, Kansas,’”’ Kan. Geol. Surv. Bull. 15 
(1930), pp. 14-18; Landes, ‘The Geology of Mitchel 
and Osborne Counties, Kansas,’’ Kan. Geol. Suri 
Bull. 16 (1930), pp. 1-55; Landes and R. P. Keroher. 
“Mineral Resources of Phillips County,” Kan. Geol 
Surv. Bull. 41, Part VIII (1942), pp. 277-312. 

52 Pp. 19-21 of ftn. 51 (1930). 

53 Ftn. 1 (1931). 

s4 Leonard and Frye, ‘“‘Additional Studies of the 
Sanborn Formation, Pleistocene, in Northwestern 
Kansas,” Amer. Jour. Sci., Vol. CCXLI (1943 
pp. 453-62; Hibbard, Frye, and Leonard, pp. 1-2 
of ftn. 47 (1944). 

ss “The Pleistocene Geology of Nebraska,” Veb 
Geol. Surv. Bull. 10 (1935), p. 196. 
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ty by Wing; and the restricted ‘““McPher- 
son formation” for the high and inter- 
mediate terrace beds along Smoky Hill 
Valley westward to Ellis County. Hib- 
bard® has applied the name ‘Meade 
formation” at two localities to terrace 
deposits of the Smoky Hill Valley where 
‘they contain fossil vertebrates which he 
has correlated with one of the faunal 
zones of that formation in the Meade 
Basin area. Formal stratigraphic names 
have not been applied to the terrace de- 
posits along such valleys as the lower 
Saline, lower Solomon, Republican, and 
others. 


PRE-LOESS DEPOSITS 


Stream deposits, which occur strati- 
graphically below the loess, cover a large 
part of the time span of the Pleistocene. 
The main terrace deposits, although pos- 
sibly nowhere as old as Nebraskan, 
nevertheless are shown by their fauna 
to represent early Pleistocene deposition. 
The intermediate terraces along the ma- 
jor valleys are somewhat younger and 
may represent several At 
places the strata immediately below the 


ages. some 
soil zone or the loess are shown by their 
contained fossils to be only slightly older 
than the loess, which is most certainly 
stratigraphically high within the Pleis- 
tocene. 

The development and preservation of 
the major terraces were probably de- 
pendent on two prime factors: (1) the 
drainage patterns, subsequent stream 
piracies, and adjustments of the streams 
during the early Pleistocene and (2) the 
bedrock of the particular area. The 
drainage history of this part of Kansas is 
inadequately known, but the bedrock 
control is quite apparent. Where these 
valleys cross areas of relatively resistant 
and homogeneous bedrock, such as the 


Pp. 714-15 of ftn. 19 (1944). 
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Greenhorn limestone, the ancient valley 
walls of the broad graded valleys in 
which these sediments were deposited 
are well preserved. Where the major val- 
leys cross areas of nonresistant bedrock, 
such as the Carlile and Pierre shale, these 
former valley walls are indistinct. Where 
they cross areas of Dakota bedrock, 
“false” valley walls are developed by 
resistant lenses of sandstone within this 
dominantly shale and clay formation, 
thus largely obscuring the outlines of the 
former valleys and allowing extreme dis- 
section and destruction of the former 
valley floor deposits. 

From the foregoing observations it 
seems that the pre-loess Pleistocene de- 
posits of northwestern and north-central 
Kansas represent an aggregation of local 
deposits along present and former val- 
leys of various sizes. They range in age 
throughout much of the Pleistocene; al- 
though many local deposits are of differ- 
ent ages, many probably are equivalent 
in age. As discussed earlier in this paper, 
it is uncertain which of these deposits 
are deserving of stratigraphic names and 
whether local names should be used in all 
cases or if names such as “Meade forma- 
tion” should be used to include a variety 
of these local deposits whose age is 
judged to lie somewhere within the time 
span of the Meade. It is not the purpose 
of this paper to propose modification of 
present common usage of stratigraphic 
names for the deposits discussed. 

The major terrace deposits generally 
have not yet yielded faunas of sufficient 
size and significance to permit detailed 
correlations within the Pleistocene. 
Large faunas have been collected from 
the high terrace deposits at three locali- 
ties in Russell and Lincoln counties, and 
Hibbard*’ has correlated them with defi- 
nite beds of the Meade formation in 


57 Pp. 740-42 of ftn. 19 (1944). 
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Meade and Clark counties, Kansas. The 
important terraces constitute well-de- 
fined levels in many places, and it is 
probable that if they were studied in de- 
tail physiographically they could be 
traced down the major valleys to Kansas 
River Valley through the pre-Pleistocene 
divide area in the Flint Hills, thus effect- 
ing a correlation with the glacial section 
in northeastern Kansas. 

The age of the more or less isolated 
and local deposits that occur on the up- 
lands below the horizon of the important 
Sanborn soil zone ranges within wide 
limits. These deposits constitute the 
fillings in minor depressions and valleys 
between the major valleys. Elias®* and 
Lugn*’ have stated that these deposits 
in some places are equivalent to beds 
called ‘““Loveland” in Nebraska. In ac- 
tuality, each exposure presents its own 
special problems of correlation due to 
the discontinuous nature of the beds. 
It seems that the retention of the broad- 
ly defined Sanborn formation to include 
these beds is necessary until more de- 
tailed studies have been made. 


PROBLEMS OF THE LOESS 


Light tan-gray loess—or silt—mantles 
much of the uplands of northwestern 
Kansas and constitutes the most exten- 
sive, homogeneous, and easily recogniz- 
able lithologic unit within the Pleisto- 
cene deposits of Kansas. This loess at- 
tains a maximum thickness of more than 
100 feet and exceeds 50 feet in thickness 
over wide areas. Elias’ Sanborn forma- 
tion®’ includes the loess, and Lugn® has 
referred to it as equivalent to the Pecri- 

38 “Geology of Rawlins and Decatur Counties 
with Special Reference to Water Resources,” Kan. 
Geol. Surv. Mineral Resources Circ. 7 (1937), p. 7- 

59 Ftn. 55 (1935). 

60 Ftn. 1 (1931). 


* Ftn. 55 (1935). 
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an. The stratigraphy and paleontology 
of the deposit have been described re- 
cently.” This extensive loess has been 
observed resting on Cretaceous forma- 
tions ranging from Dakota to Pierre, on 
Pliocene deposits, and on a variety of 
older Pleistocene beds. In north-central 
Kansas it is separated from older beds 
by a well-developed soil zone, and one or 
more poorly developed soil zones have 
been observed within the loess. General- 
ly the loess is structureless, but in some 
places an indistinct bedding has been 
observed. Concretions of calcium car- 
bonate are abundant throughout the 
loess in the eastern part of the area; they 
gradually decrease in abundance west- 
ward and are quite rare near the Colo- 
rado line. 

The problems of the loess are twofold: 
(1) the age and correlation of this deposit 
within the Upper Pleistocene and (2) the 
origin of the sediments. Northwestern 
Kansas is not immediately adjacent to 
the border of an Upper Pleistocene ice 
sheet or to a stream valley that was 
heavily laden with late Pleistocene out- 
wash; it is possible that these factors— 
believed by many geologists to be im- 
portant to the accumulation of loess 
elsewhere—exerted little influence on this 
loess deposition. It is not known, how- 
ever, to what distance from the ice front 
the various glaciers of the Wisconsin 
may have influenced erosion and deposi- 
tion. It seems that the history of this re- 
gion during the last seventy years fur- 
nishes a clue to the manner of deposition, 
if not the source, of the High Plains loess 
generally. During the widely publicized 
“dust-bowl” days of a few years ago, the 
High Plains were subjected to a series of 
dust storms and dust “blows.” These 
‘dusters,’ prevalent from New Mexico 

62 Leonard and Frye, ftn. 54 (1943); Hibbard 
Frye, and Leonard, ftn. 54 (1944). 
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and Texas to Nebraska and farther 
north, moved enormous tonnages of silt 
over this general area. Silt that in some 
places cannot be distinguished from 
Sanborn loess is known to have accumu- 
lated against obstruction on the High 
Plains surface to depths of more than 6 
feet during a few years, although the 
maximum depth of silt accumulation on 
the unobstructed surface was probably 
much less. Occasional rains created 
ponds that contained water for months 
at a time in shallow depressions on the 
upland surface, in spite of general 
drought conditions. If periodic recur- 
rences of such conditions existed through- 
out late Pleistocene and Recent time 
(and there is historical evidence for 
three such periods), a deposit such as is 
represented by this body of loess could 
be expected. It is the opinion of the writ- 
er that at least the part of the Sanborn 
loess that occurs above the upper dis- 
continuous and locally indistinct soil 
zones is not related to glaciation and was 
deposited after the retreat of the last 
Pleistocene sheet. The molluscan 
fauna, studied by Leonard, could have 
existed under conditions of slow inter- 
mittent accumulation silt, for the 
most part by wind action, but locally 
trapped in shallow upland depressions 
that were occasionally filled with water. 

R. J. Russell® recently has reviewed 
the definition and usage of the term 
‘loess’ and the various hypotheses for 
its origin. As explanation of the Missis- 
ippi Valley loess, he has advanced a 
hypothesis of colluvial origin by “‘loessi- 
ication” of water-deposited sediments, 
and he concludes that most loess de- 
posits are not of eolian origin. C. C. 
Williams‘is now making detailed studies 
of terrace deposits along the Arkansas 


ice 


of 


°’ “Lower Mississippi Valley Loess,’”’ Bull. Geol. 
Soc. Amer., Vol. LV (1944), pp. 1-40. 





87 


Valley south of Wichita and has gener- 
ously supplied the writer with data on 
this area. The deposits will be discussed 
in detail in a forthcoming report by Wil- 
liams on the ground-water resources of 
the lower Arkansas Valley in Kansas. 
These deposits, like those studied by the 
writer along some other valleys of cen- 
tral Kansas, seem to meet Russell’s 
genetic requirements for loess. In some 
cases this material has called 
“loess,’’°** but, because of the presence of 
pebbles and its probable fluvial (or 
fluvial-colluvial) origin, the present writ- 
er®> has considered it a part of the Pleis- 
tocene terrace deposit. 

Russell’s hypothesis of origin cannot 
or 


been 


be accepted for the extensive loess 
silt—deposits that comprise the upper 
part of the Sanborn formation of north- 
western Kansas for the following rea- 
(1) This loess blankets the up- 
lands over an area of many thousand 
square miles and underlies to depths of 
40 feet or more the relatively flat upland 
surface of the High Plains; thus it can- 
not be the result of colluvia! processes. 
Test holes drilled in Thomas County 
reveal the loess to be thickest under the 
flat interstream areas, and field observa- 
tions show the valley slopes to be blan- 
keted with colluvial material, mostly 
derived from the loess but also contain- 
ing sand and pebbles from the underly- 
ing Ogallala formation. (2) Russell stated 
that the faunas of the Mississippi Valley 
loess are living in the area today and that 
the shells were incorporated in the ma- 
terial after the original deposition by 
stream action. This statement is not ap- 
plicable to northwestern Kansas loess 
because, although more than 80 per cent 
of its molluscan fauna is now living in the 


sons. 


64 Bass, “The Geology of Cowley County, Kan- 
sas,”’ Kan. Geol. Surv. Bull. 12 (1929), pp. 109-10. 


6s Frye, Leonard, and Hibbard, ftn. 43 (1943). 
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area,” the remains of vertebrates (Citel- 
lus richardsonii, Microtus pennsylvanicus, 
Parelephas sp., Platygonus leptorhinus) 
that do not now live in northwestern 
Kansas have been collected from the ma- 
terial.” 

Along major valleys, slope deposits 
that are in part probably the result of 
mass creep, as Russell suggests, give a 
false idea of the thickness of the loess. 
Elias®* clearly excluded these deposits 
from the Sariborn formation in his origi- 
nal definition, although he did refer to 
them as loess. 

As to the age of the loess, it has been 
impossible to differentiate with cer- 
tainty the Recent, or upper, part from 
the older, more extensive part. The 
probable conditions of deposition previ- 
ously discussed have an important bear- 
ing on age determination and strati- 
graphic correlation. In the upper Missis- 
sippi Valley region the Loveland loess is 
restricted to an interglacial interval, and 
the Peorian loess was probably deposited 
during the closing phases of the Iowan 
glaciation, and both loess deposits in that 
area occur stratigraphically between till 
sheets. The High Plains loess is not so re- 
stricted and probably represents an age 
span much greater than the Peorian, al- 
though it may include the time repre- 
sented by the making of this loess sheet. 

Elias® has suggested that in some 
places the red deposits below the soil 
zone, or the upper gray-tan loess, are 
eolian in origin and equivalent to the 
Loveland formation of Nebraska. The 
beds below the horizon of the prominent 
soil zone may include age equivalents 
to the Loveland of Nebraska, but over 
much of the area under consideration 


66 Leonard, personal communication. 
67 Hibbard, personal communication. 


68 P. 180 of ftn. 1 (1931). 


69 Ftn. 58 (1937). 
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these deposits are not loess-like and are 
not of eolian origin.?° 


SOUTHWESTERN KANSAS 


The thickest sequence of extensive 
nonglacial Lower Pleistocene deposits 
in Kansas probably occurs in the south- 
western part of the state, particularly 
in and adjacent to the Meade Basin in 
Meade, Clark, Ford, Gray, Haskell, and 
Seward counties, Kansas, and Beaver 
County, Oklahoma. Until recently, the 
Pleistocene beds of southwestern Kansas 
were not clearly differentiated from the 
Tertiary deposits of the area. During 
-ach field season from 1936 through 1944, 
Claude W. Hibbard has collected fossil 
vertebrates from the Meade Basin re- 
gion, and he has published descriptions 
of many Pieistocene forms from. this 
area.”’ Smith made a reconnaissance of 
the geology of southwestern Kansas, and 
in 1940 he” definitely separated from 
the Tertiary and described as Pleisto- 
cene several formations (Odee formation, 
Jones Ranch beds, Eguus niobrarensis 
beds, Kingsdown formation) in_ the 
Meade Basin region. in 1941 Frye and 
Hibbard?* described the Pleistocene 
beds that occur in the Meade Basin, re- 
defined Cragin’s “Meade gravels” as the 
Meade formation and Cragin’s “Kings- 
down marl” (Smith’s Kingsdown forma- 

77 Leonard and Frye, ftn. 54 (1943); Hibbard, 
Frye, and Leonaid, ftn. 54 (1944). 


71 Hibbard, ‘‘Notes on Some Vertebrates from 
the Pleistocene of Kansas,”’ Kan. Acad. Sci. Trans. 
Vol. XL (1938), pp. 233-37; “Notes on Some Man- 
mals from the Pleistocene of Kansas,” Kan. Acad 
Sci. Trans., Vol. XLII (1939), pp. 463-79; “A New 
Pleistocene Fauna from Meade County, Kansas,” 
Kan. Acad. Sci. Trans., Vol. XLIII (1940), pp. 
417-25; “A New Synaptomys from the Pleistocene,” 
Kan. Univ. Sci. Bull., Vol. XLI (1940), pp. 367-71; 
“The Borchers Fauna, a New Pleistocene Inter- 
glacial Fauna from Meade County, Kansas,” Kan. 
Geol. Surv. Bull. 38, Part VII (1941), pp. 197-220; 
pp. 707-54 of ftn. 19 (1944). 


72 Smith, ftn. 2 (1940). 
73 Pp. 389-424 of ftn. 5 (1941). 
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tion) as the Kingsdown silt, and listed 
the known faunas of these formations. 
More recently the Pleistocene deposits of 
Morton, Hamilton, and Kearny coun- 
ties have been described by McLaugh- 
lin;* of Stanton, Finney, and Gray 
counties by Bruce F. Latta;’> of Ford 
County by H. A. Waite; of Meade 
County by Frye;7’ and of parts of Sew- 
ard, Meade, and Clark counties by 
Hibbard.7* 

The Pleistocene beds of southwestern 
Kansas consist of sediments deposited 
in and adjacent to several relatively 
large structural basins, particularly the 
Meade Basin; fillings of sinkholes of vari- 
ous types and sizes, including such ex- 
tensive solutional subsidence areas’? as 
the Ashland-Englewood basin in Clark 
and Meade counties, Kansas, and Har- 
per and Beaver counties, Oklahoma; as 
channel fillings unconformably above 
older Pleistocene, Tertiary, or Permian 
beds; as terrace deposits along Arkansas, 
Cimarron, Medicine Lodge, and other 
valleys; and as eolian deposits of loess 
and dune sand. These Pleistocene strata 
contain a variety of clastic sediments 


44 Thad G. McLaughlin, “Geology and Ground- 
Water Resources of Morton County, Kansas,” 
Kan. Geol. Surv. Bull. 4o (1942), pp. 80-89; ‘‘Geol- 
ogy and Ground-Water Resources of Hamilton and 
Kearny Counties, Kansas,’’ Kan. Geol. Surv. Bull. 
49 (1943), pp. 140-52. 


“Geology and Ground-Water Resources of 
Stanton County, Kansas,” Kan. Geol. Surv. Bull. 37 
1941), pp. 80-86; “Geology and Ground-Water 
Resources of Finney and Gray Counties, Kansas,” 
Kan. Geol. Surv. Bull. 55 (1944), pp. 171-83. 
7 “Geology and Ground-Water Resources of 
Ford County, Kansas,” Kan. Geol. Surv. Bull. 43 
1942), pp. 162-68. 


“Geology and Ground-Water Resources of 
Meade County, Kansas,” Kan. Geol. Surv. Bull. 45 
1942), pp. 103-12. 

Pp. 707-54 of ftn. 19 (1944). 

7 John C. Frye and Stuart L. Schoff, “Deep- 
seated Solution in the Meade Basin and Vicinity, 
Kansas and Oklahoma,” Amer. Geophys. Union 
Trans. (1942), PP. 35-39. 
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that include such materials as plastic 
clay, volcanic ash, silt, sand, and coarse 
gravel. Thin-bedded redbeds have also 
been observed which contain selenite 
crystals having a maximum length of 
more than ro inches. The surface of 80- 
go per cent of the southwestern corner 
of Kansas (from Clark County to the 
Colorado line and from the Arkansas 
Valley south to Oklahoma) is underlain 
by deposits of Pleistocene age. Pleisto- 
cene sediments also occur at many places 
in other parts of southwestern Kansas. 


MEADE FORMATION AND RELATED DEPOSITS 


The thickest, most varied, and most 
broadly inclusive Pleistocene formation 
in southwestern Kansas is the Meade 
formation. Cragin® originally named the 
“Meade gravels” in 1896. The Meade 
formation, which presumably contains 
Cragin’s ‘Meade gravels,’ was de- 
scribed by Frye and Hibbard" in 1941, 
and further data were presented by 
Frye* in 1942 and by Hibbard®s in 1944. 
The Meade formation typically con- 
tains coarse gravel at the base that at- 
tains in exposures a maximum thickness 
of more than 35 feet. Well data indicate 
that this basal sand and gravel may ex- 
ceed 1oo feet in thickness in the sub- 
surface. In some places the basal gravel 
is well cemented with calcium carbonate. 
The basal gravel is typically overlain by 
caliche, varicolored silt, clay, and fine 
sand, which are believed to include 
Smith’s Odee formation. The part of the 
Meade that represents Smith’s Odee for- 
mation ranges greatly in thickness but 
probably attains a maximum of more 
than too feet. Cragin’s “Pearlette ash,” 
which ranges in thickness from a feather- 
edge to about 15 feet, and, in addition, 

80 P. 54 of ftn. 34 (1896). 

81 Pp. 411-109 of ftn. 5 (1941). 
Ss Pp. 


83 Pp. 


103-9 of ftn. 77 (1942). 
709-45 of ftn. 19 (1944). 
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30 feet or more of overlying silt, sand, 
and caliche constitutes the remainder of 
the type Meade. This sequence of beds 
comprises the major part of the Pleisto- 
cene strata in the Meade Basin. The de- 
posits are persistent over several coun- 
ties and have been loosely referred to as 
the ‘Lower Meade formation.” 

A varied assemblage of channel and 
sinkhole deposits of gravel, sand, silt, 
clay, volcanic ash, and caliche occurs 
above typical or “Lower” Meade beds 
and below the Kingsdown silt in the 
Meade Basin area. These deposits were 
included within the Meade formation by 
Frye and Hibbard and have been loosely 
referred to as the “Upper Meade.” 
Smith’s Equus niobrarensis beds and 
Jones Ranch beds (which have yielded 
the Jones fauna) are believed to be in- 
cluded in this upper part of the forma- 
tion. In every exposure where “Upper’”’ 
Meade deposits have been observed in 
contact with the “Lower” Meade, they 
are separated by a prominent uncon- 
formity which may represent an erosion 
interval as long or longer than that rep- 
resented by the unconformity between 
the Meade and Kingsdown. These dis- 
continuous and varied deposits that con- 
stitute the ‘‘Upper”’ Meade probably are 
not all of the same age and were included 
originally within the larger formation 
primarily as an expedient in mapping. 
Pleistocene beds of sand, gravel, silt, 
caliche, and volcanic ash, which are 
probably equivalent in age to part of the 
Meade formation, are believed to occur 
in all the counties of southwestern Kan- 
sas; however, they have been specifically 
referred to this formation only in and 
immediately adjacent to the Meade 
Basin. Deposits of equivalent age west of 
Meade and Seward counties have been 
generally referred to simply as “undiffer- 
entiated Pleistocene beds.”’ 

Two major stratigraphic problems are 
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presented by the Meade formation: (1) 
the proper delineation and disposition 
of the beds that have been considered 
as the Upper Meade and (2) the accurate 
delineation of the Pliocene-Pleistocene 
boundary line in the Meade Basin. 

The retention of these younger Pleisto- 
cene beds within the Meade formation 
seems justified only because of the inade- 
quacy of field data and convenience in 
mapping. Stratigraphically they are dis- 
tinct from the underlying deposits, and 
they have yielded a younger fauna at 
several localities. Subsequent studies 
may result in their being placed in a sepa- 
rate formation. The second of the major 
problems of the Meade is more far- 
reaching in its implications. The various 
considerations discussed earlier in this 
paper in regard to the establishment of 
the Pliocene-Pleistocene boundary are 
especially applicable to this area, and 
the special problems involved in the dat- 
ing of the Rexroad beds have been dis- 
cussed in some detail. A conclusive solu- 
tion to this problem is of paramount im- 
portance for a proper understanding of 
the Cenozoic beds in western Kansas 
and throughout the Great Plains region. 

KINGSDOWN SILT 

The Kingsdown silt occurs widely over 
southwestern Kansas and is developed 
typically in southern Ford County, 
northern Clark County, and northern 
Meade County. It consists of thin-bedded 
fine sand and silt and massive silt. The 
beds are various shades of tan and light 
gray in color, and they mantle the up- 
lands and cover much of the floor of the 
Meade artesian basin. In many places 
these beds seem to have been deposited 
by water, and in the Meade artesian 
basin they probably represent lake silts 
deposited in the late Pleistocene ‘Meade 
lake.”*4 The upper massive and struc 


84 Frye, pp. 31-32 of ftn. 77 (1942). 
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tureless part of the formation, generally 
less than 25 feet thick where it blankets 
the High Plains surface, has been referred 
to as loess and is believed to be an eolian 
deposit. 

The Kingsdown is generally believed 
to be Pleistocene in age. It is mostly not 
fossiliferous, but it overlies the Meade for- 
mation at many places, and its topo- 
graphic position on the uplands above 
deeply incised valleys seems to indicate 
that it is older than Recent. The upper- 
most deposits of wind-blown silt at some 
localities, however, were probably de- 
posited during Recent time. 

Hibbard*s has subdivided the forma- 
tion in northern Clark County into the 
Upper and Lower Kingsdown. The beds 
that he calls “Lower Kingsdown’’ lie 
unconformably below the more extensive 
Upper Kingsdown and are known only 
from northern Clark County and Com- 
anche County. The Lower Kingsdown 
deposits are dominantly massive light- 
buff to tan silt. They differ litologically 
from the beds outcropping west of Clark 
County which are considered ‘‘Upper”’ 
Meade, but their stratigraphic occur- 
rence indicates that they may be equiva- 
lent in age to some of the beds that have 
been placed in the Meade formation. The 
disconformity below the Lower Kings- 
down silt and above a thick bed of vol- 
canic ash (correlated with the ‘‘Pearlette 
ash member”’ of the Meade formation) is 
poorly exposed and has been studied 
nly in one small area. 


GERLANE FORMATION AND ASSOCIATED BEDS 


The Gerlane formation was named by 
Garold Louis Knight** from the village 
of that name on Medicine Lodge River, 
in the southeastern part of Barber 
County. In an unpublished manuscript 


*s Pp. 745-49 of ftn. 19 (1944). 


% “Gerlane Formation” (abstr.), Geol. Soc. Amer. 
Proc. for 1933 (1934), P- 91. 
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in the files of the State Geological Survey 
of Kansas, Knight describes this forma- 
tion in Barber County as follows: 


The Gerlane formation is a fluvial deposit 
that occurs in the valleys and on the lower slopes 
of the hills. The material of the formation varies 
in size from clay to gravel, the major part being 
in the finer grades of this range. A layer of 
coarse fragments commonly occurs at the bot- 
tom of the formation. Noticeable cementation 
of the fragments was seen in very few places. 
Erosional cuts in the finer material stand with 
loess-like steepness. The thickness of the Ger- 
lane formation varies from zero at its margins to 
a known maximum of 104 feet. The latter thick- 
ness was revealed by core drilling on the plain 
south of the town of Sharon. The formation is 
about 60 feet thick in the Medicine Lodge River 
valley near Kiowa, and at least 57 feet thick in 
the valley of a tributary to Elm Creek at a 
point about 8 miles north of Medicine Lodge. 

Sediment derived from the erosion of the 
older surface rocks, chiefly the Permian and 
Tertiary, has been reworked and redeposited 
to form the Gerlane. Hence its character varies 
from place to place and at any particular loca- 
tion may resemble either the Permian or the 
Tertiary formations, depending upon which of 
them supplied the major part of the sediment. 
Where Permian rocks have supplied most of the 
materials that make up the Gerlane formation, 
it is red and fine-grained like the Permian, but 
can be distinguished from the latter by the 
presence of coarse sand grains derived from the 
Tertiary and by the fact that bedding follows 
the sloping surface upon which deposition oc- 
curred. Where the Gerlane is composed pri- 
marily of material from the Tertiary, the re- 
semblance of the two formations may be quite 
close. As a rule, however, the Gerlane occurs 
at much lower elevations and has more distinct 


bedding and cross-bedding than does the 
Tertiary. 
The term “Gerlane formation” has 


been applied to Pleistocene beds only in 
Barber County, Kansas. These deposits 
underlie the floor of the lowland surface, 
discussed elsewhere in this paper, that 
extends westward as far as eastern 
Meade County, topographically below 
the Tertiary-capped upland to the north. 
In Clark County and eastern Meade 
County, Kansas, and in Beaver and 
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Harper counties, Oklahoma, deposits of 
similar character and thickness underlie 
the floor of the extensive compound solu- 
tional-subsidence area that has been re- 
ferred to as the Ashland-Englewood 
Basin. These deposits (loosely referred 
to as the “Ashland-Englewood terrace 
beds’’) are shown by their physiographic 
relations, invertebrate fossils, and a few 
fossil vertebrates to be late Pleistocene 
in age, but their exact correlation with 
the named formations in the Meade 
Basin and elsewhere in central and west- 
ern Kansas is unknown. The Tertiary 
Ogallala formation caps the adjacent up- 
lands north and west of the Ashland- 
Englewood Basin, and at a few places 
Kingsdown silt occurs on the uplands ad- 
jacent to the basin rim. Upper Pleisto- 
cene terrace deposits occur at an eleva- 
tion higher than the basin floor along 
the major valleys entering this basin 
from the west and northwest. The age 
and stratigraphic and physiographic re- 
lations of the Gerlane formation and as- 
sociated beds are problems deserving 
further study. 
TERRACE DEPOSITS 

Extensive terrace deposits occur along 
many of the major valleys of south- 
western Kansas. Terraces of late Pleisto- 
cene age have been described at two 
levels along the Cimarron Valley,*’ and 
terrace deposits of supposed late Pleisto- 
cene age have been described along the 
Arkansas Valley.** Pleistocene terrace 
deposits that have yielded fossil verte- 
brates*® occur along Salt Fork River in 
Barber County. These deposits and 
others along Medicine Lodge Valley may 
prove to be related in age to the Gerlane 
formation and associated beds. Other less 


87 Frye, pp. 110-12 of ftn. 77 (1942). 


88 Smith, pp. 125-26 of ftn. 2 (1940); Waite, 
p. 168 of ftn. 76 (1942). 


89 Hibbard, personal communication. 
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extensive terrace deposits occur along 
many of the stream valleys in southwest- 
ern Kansas. None has as yet been stud- 
ied in sufficient detail to afford a basis for 
exact age determination or definite cor- 
relation with more widespread Pleisto- 
cene formations. The available evidence 
indicates that they are all of late Pleisto- 
cene or Recent ages. The age and strati- 
graphic and physiographic relations of 
these terrace deposits present a problem 
deserving further study. 
CONCLUSLONS 

Many factual data concerning the 
Pleistocene stratigraphy and paleontol- 
ogy of central and western Kansas have 
been obtained during the last half- 
decade. These new data have been used 
by the several workers in this area to 
demonstrate the Pleistocene age of a 
considerable thickness and diversity 
of sediments formerly believed to be 
Tertiary in age. These recently dis- 
covered facts and new interpretations 
have revealed a complexity formerly un- 
known in the Kansas Pleistocene and 
have raised several hitherto unsuspected 
important stratigraphic problems. A re- 
view of the pertinent facts now known 
about the nonglacial Pleistocene de- 
posits of central and western Kansas has 
been presented above. The most signifi- 
cant of the stratigraphic problems are 
summarized below. 

1. Delineation of the Pliocene-Pleisto- 
cene boundary line is of regional im- 
portance. The nonmarine-nonglacial 
Pleistocene of Kansas is believed to be 
closely related to the glacial deposits to 
the northeast, but it has not been de- 
termined with certainty that the con- 
monly used Pliocene-Pleistocene bound- 
ary in the Great Plains represents the 
same time datum as the base of the gla- 
cial Pleistocene. These deposits general- 
ly have not been correlated with the up- 
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per Mississippi Valley formations, and 
correlations have not been attempted in 
this paper because of the rarity of verte- 
brate faunas in the upper Mississippi 
Valley Pleistocene beds, the discontinu- 
cus nature of all but the terrace and 
eolian deposits among the nonglacial 
formations herein discussed, the absence 
of adjacent glacial deposits younger than 
the Kansan, and the lack of detailed 
data in the area in Kansas peripheral to 
the glacial deposits. 

2. In central Kansas the relationship 
and correlation of minor terrace de- 
posits to the more extensive McPherson 
formation is not clear. 

3. The several Pleistocene terraces 
along Smoky Hill Valley are believed to 
constitute a westward extension of the 
major abandoned valley filling, the Mc- 
Pherson formation, but no one terrace 
has as yet been correlated with the type 
locality. 

4. The extensive upland deposits ex- 
tending from northern McPherson Coun- 
ty to the Oklahoma line are known to be 
of Pliocene age in northern McPherson 
County and of Pleistocene age in south- 
ern Sedgwick and Sumner counties, but 
the age and physiographic history of 
these seeming continuous deposits in the 
intermediate area are obscure. Also, the 
beds constituting the “Upper” Emma 
Creek formation in this general area, al- 
though believed to be of Pliocene age, 
may be partly or wholly of early Pleisto- 
cene age. 

5. The Belleville formation in north- 
central Kansas has been assigned to the 
Tertiary, but some data indicate that it 
may be Pleistocene in age. 

6. The several beds of the Sanborn 
formation of northwestern and north- 
central Kansas have not as yet been cor- 
related with the major terraces of that 
region, with the McPherson formation 
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of central Kansas, with formations of the 
Meade Basin, or with formations of 
southern Nebraska. 

7. Physiographic processes operating 
during Sanborn time resulted in the depo- 
sition of sediments ranging from eolian 
loess to boulder beds. Lack of knowledge 
of the origin of these deposits inhibits 
correlations of Lower Sanborn 
throughout nortawestern Kansas. 

8. Determination of the age and cor- 
relation of the Rexroad member in the 
Meade Basin represents a major prob- 
lem in southwestern Kansas. 

9g. Many deposits loosely referred to as 
“Upper Meade,” and also some isolated 
sinkhole fillings, have not been corre- 
lated with one another or with other for- 
mations of western Kansas. 

10. The correlation of the Lower 
Kingsdown silt is a problem deserving 
continued study. It may be equivalent 
to or even older than some beds re- 
ferred to as the “Upper Meade”’ forma- 
tion. The Lower Kingsdown silt has been 
studied only in northern Clark County. 
The disconformity below the Lower 
Kingsdown silt and above a thick bed 
of volcanic ash (correlated with the 
“‘Pearlette ash member” of the Meade 
formation) is poorly exposed and has 
been studied in one small area only. 

11. The Gerlane formation presents a 
problem of origin, correlation, and age 
within the Pleistocene. 

12. Terrace deposits occur extensively 
in southwestern and south-central Kan- 
sas. They present a multiplicity of prob- 
lems of age and correlation. 


beds 
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ABSTRACT 


In 1939 attention was called by Nichols to the failure of earlier workers to apply the Reynolds number 
criterion and distinguish between laminar and turbulent flow in estimating the viscosity of lava from ob- 
served flow velocities. The present writers follow Nichols in his primary contention but take exception to 
some of his argument and much of his application of field observations in estimating viscosity of lava. It is 
the conclusion of the paper that even with the use of the Reynolds number and the Stanton diagram in out- 
lining flow conditions, according to the best available data, the complexities and uncertainties of the flow 
of lava under field conditions preclude definitions of condition or statements of results with sufficient pre- 
cision to justify presentation as numericai coefficients of viscosity in the ordinary sense. 


INTRODUCTION 

Because of practical difficulties in 
making decisive measurements of the 
viscosity of lava under field conditions, 
geologists have had recourse to various 
rough estimates and comparisons. Added 
to the weakness inherent in extrapola- 
tion from rough measurements, the lack 
of common experience among various 
geologists has further retarded attain- 
ment of any generally satisfactory values. 
Nichols has pointed out the error of es- 
timates made by Becker and by Palmer, 
owing to their failure to recognize the 
necessity imposed by the Reynolds num- 
ber and friction factor that the flow of 
lava be laminar.’ While this position is 


* Robert L. Nichols, “Viscosity of Lava,” Jour. 
Geol., Vol. XLVII (1939), pp. 290-302; G. F. 
Becker, ‘Some Queries on Rock Differentiation,” 
Amer. Jour. Sci., Vol. III (4th ser., 1897), p. 29; 
H. S. Palmer, Hawaiian Volcano Observatory, 
Monthly Bulletin, Vol. XV (1927), pp. 1-4. 

This paper has been prepared with the approval 
of Dr. Palmer, who indicated his willingness to 
leave the discussion to us and furnished useful sup- 
plementary material. 


conceded to be a valid one, certain con- 
clusions put forward by Nichols do not 
seem justified.? Further, it is believed 
that the skepticism felt by many geolo- 
gists toward the high viscosity ratios and 
their difficulty in accepting such values 
as real justifies a more complete step-by- 
step discussion of the problem. 

The problem divides itself into two 
parts: first, what is the viscosity of lava 
and how precisely can we consider it has 
been determined for any definable condi- 
tion and, second, what are the facts, 
methods, and validity of cross-compari- 
son between a calculated velocity of 
water in a given channel and the ob- 
served velocity of lava in a comparable 

2The writers recognize that both Becker and 
Palmer failed to distinguish between turbulent and 
laminar flow but find no justification for Nichols’ 
statement that they assumed the flows to be turbu- 
lent. Since they both assumed a reciprocal relation- 
ship between the first power of velocity and vis- 
cosity, which is the chief feature of laminar flow, 
it would seem more correct to say that they tacitly 
assumed all the flows to be laminar, though Palme: 
used the Chezy formula for calculation of velocity 
of water. 
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channel as means of estimating the vis- 
cosity of the lava. It is proposed to ex- 
amine the latter of these problems first. 
The flow of liquids, and especially 
water, in channels and in pipes has been 
the subject of study from the time of 
Archimedes. Because of the preponder- 
ant study of water in channel sizes and 
grades that were of practical importance, 
the formulas earlier developed were of 
practical, empirical sorts having various 
natural constants, such as gravity, den- 
sity, and viscosity, lumped in one or 
more composite constants. Most of the 
flow of early, everyday importance was 
of the turbulent type. Discrimination 
between turbulent flow and laminar flow 
came gradually. Through the experimen- 
tal work of Hagen and Poiseuille about 
1840 and the subsequent mathematical 
formulation of the nature of laminar 
flow in tubes, this type of flow became 
perhaps the best understood and most 
rationally formulated of any phenome- 
non in the field of fluid mechanics. 
Study of turbulent flow in channels 
has been carried on over a long period, 
with development of various formulas, 
many with some rational framework, 
but all with ultimate reliance on certain 
empirical constants.4 The work of Os- 
borne Reynolds, published in 1883, is 
fundamental to an understanding of the 
relationship between laminar flow and 
turbulent flow.’ It is very puzzling to any 
scientist when he realizes how long a pe- 
riod is commonly required before an im- 
portant and widely applicable discovery 
or formulation is generally in use among 
students or workers in a given field. 
Despite the fairly prompt recognition 
> Ralph W. Powell, Mechanics of Liquids (New 
York: Macmillan Co., 1940), p. 167. 
4“Hydraulics,” Encyclopaedia Britannica (11th 
ed., 1910), XIV, pp. 68-84. 
5 Phil. Trans. Roy. Soc. London (1883). 
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of the basic character of Reynolds’ work 
by specialists soon after 1883 and the 
universal applicability of the Reynolds 
number in defining the so-called ‘‘critical 
zone” and the discrimination between 
laminar and turbulent flow, there is very 
little mention of it in American text- 
books of hydraulics prior to 1925, and it 
is still not generally understood.° 


THE REYNOLDS NUMBER 


Before attempting to indicate the im- 
portance of the Reynolds number, some 
simple definitions must be offered. Lami- 
nar flow, for our present purpose, is best 
defined as flow in which the resistance to 
motion is due to viscous, shearlike de- 
formation. The impelling force is a pres- 
sure or potential difference in which the 
density or unit mass of the liquid is in- 
volved, but the density is not involved 
in the resistance to motion. Turbulent 
motion, on the other hand, is flow in 
which the resistance to motion is that 
due to the inertia of the fluid and hence 
is dependent on density or unit mass. 
In turbulent flow the viscosity is a negli- 
gible factor and is only significant in de- 
termining its lower limit. In any given 
instance laminar flow takes place at low- 
er velocities than turbulent flow. Both 
types of flow may exist in the same chan- 
nel, with turbulent flow coming in at 
points where the channel is rough or 

® “For many years the far-reaching implications 
of Reynolds’ work were ignored by practical engi- 
neers, most of whom were entirely ignorant of it. 
Both mechanical and civil engineers continued to 
estimate the friction loss in pipes by methods that 
had been in use since Chezy. But the appearance of 
the new branches of chemical engineering, petroleum 
engineering, and aeronautical engineering, created 
a demand for methods which would apply to [fluids] 
other than water. The old-style hydraulics men had 
apparently never considered whether or not the 
[formula for friction loss] applied to fluids other 
than water..... It was only after some 30 or 40 
years that Reynolds’ work began to be studied by 
practical men” (Powell, p. 173 of ftn. 3 [1940)). 
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changes direction. Relative widths of the 
zones of laminar and of turbulent flow 
depend on the magnitudes of the veloci- 
ties, densities, and viscosities as they en- 
ter into the Reynolds number. 

For laminar flow we have the Jeffreys 
formula quoted by Nichols,’ 

, _ gsin Ad*p 


J 
3u 


from which we see that velocity is pro- 
portional to the acceleration of gravity, 
to the slope (sin A), to the square of the 
depth or hydraulic radius, and to the 
density of ‘the liquid, and inversely pro- 
portional to the viscosity (uw). On the 
other hand, for turbulent flow, we have 
the very widely used Chezy formula, 

V= 
where we find velocity proportional to 
the square root of both the hydraulic 
radius and the slope. 

Now we should recognize, in this lay- 
men’s discussion, that while in laminar 
flow we have a form of fluid movement 
in which viscosity is the ruling factor 
and that in turbulent flow it is the iner- 
tia of the mass of the liquid which is the 
ruling factor, we cannot say that either 
of these factors becomes zero in the 
realm of the other. Actually, it is only 
that the effect of one becomes negligible 
in the range where the other is prepon- 
derant. 

It might occur to us that inertia 
would tend to become preponderant 
over viscosity with increase of density, 
velocity, and diameter or depth of chan- 
nel and with decrease of viscosity. A 
formula showing such a tendency could 
be written as 


\—- 
cV rs 


’ 


i ore 
u 
where P is the density, V is velocity, d 
is diameter, and u is viscosity. The value 


7 This is basically a friction factor. 
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R is the very important Reynolds num- 
ber, which is, of course, based on more 
rigorous mathematical reasoning than is 
given here and which has been checked 
by the so-called ‘‘dimensional analysis” 
used in problems in similitude and found 
to be nondimensional. This means that 
it is independent of any particular values 
of units of length, mass, and the like and 
hence is of very general utility. It is ap- 
plicable to various other physical phe- 
nomena where viscosities and masses of 
liquids are involved, one example being 
in the problem of the falling of spheres 
through liquids, where it serves to dis- 
criminate between the low velocity fall 
resisted by viscous drag (Stoke’s law) 
and the higher velocity fall resisted by 
inertia (sixth-power law, for transport by 
streams). 

It should now be explained that there 
is found by experiment a critical value of 
the Reynolds number, determined by 
Reynolds and many others, especially 
Schiller, below which the flow is laminar, 
but at which signs of turbulence are 
seen.* This is the point where the magni- 
tude of the resistance due to inertia 
(friction of the hydraulicians) becomes 
comparable to the resistance due to 
viscosity and above which the inertia 
effect is predominant. It is found that, 
while turbulent flow tends to commence 
at a value for the Reynolds number of 
2320, laminar flow may persist in a 
smooth tube and under conditions of 
minimum disturbance to much higher 
values. The limit 2320, known as the 
lower critical value of the Reynolds 
number, appears quite definite; and tur- 
bulent flow, however much encouraged 
by disturbance, does not persist below 
this value. 

8 R. A. Dodge and Milton J. Thompson, F/uid 


Mechanics (New York, McGraw-Hill Book Co., 
1937), Pp. 179-86; Powell, pp. 168-73 of ftn. 3 (1940). 
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The Reynolds number, then, is a kind THE STANTON DIAGRAM 
of score, depending on the quantities’ The Reynolds number is most strik- 
density, velocity, diameter of cross-sec- ingly used in connection with the fric- 
tion, and viscosity, which will tell us, for tion factor, as in Figure 1. This is known 
liquids of all densities and viscosities, as Stanton’s diagram from the investi- 
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FACTOR 
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FRICTION 





R=! LOG REYNOLDS NUMBER R = 4evd R =10000000000 


Fic. 1.—The Stanton diagram, showing the line of laminar flow, the line of turbulent flow in smooth 
pipes or channels, the transition zones (2 and 4), and the band of turbulent flow in rough pipes or channels. 
The Nikuradse numbers are the ratios of pipe diameter to diameter of roughness particles; hence they are, 
in reality, smoothness numbers. According to the formulas for f and R, and with channel dimensions, density 
and gravity fixed, migrations in various directions on the diagram have the following meanings: line OK 
concurrent decrease of velocity and viscosity in same proportion, which can only mean increase in f and 
hence in roughness; line OL—decrease in velocity with constant viscosity; line OM—velocity decrease and 
viscosity increase in same proportion (this is direction of laminar flow line); line ON—velocity constant 
with increase of viscosity. Such migrations can have physical significance only along the lines and within 
the zones shown on the diagram. 


and hence of a wide range of velocities gator who first used this form of plotting.’ 
and tube sizes, whether the conjoint The abscissa scale consists of Reynolds 
tendency in the direction of greater e 
bas a : 9 Dodge and Thompson, p. 204 of ftn. 8 (1937). 
velocity has a sufficient magnitude tO Nichols attempted to follow this form, but the full 
produce, or permit, turbulent flow, or _ usefulness of his diagram is impaired because he did 
remains bel the lower critical value not use the more customary double logarithmic 
omnes - atin . — . ” scales. This diagram involves such a wide range of 
and hence indicates laminar flow. numbers that Nichols’ use of arithmetic scales over 
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Vd . 
ap, and the ordinate 
scale carries values of f, the friction fac- 
tor from Darcy’s formula, which is 


written 


numbers, R = 


8gsd 
f=: 


The Reynolds-number formula becomes 
multiplied by 4 when d is the hydraulic 
radius of a channel and used in place of 
D, the diameter of a pipe.’ On this dia- 
gram it is possible to show graphically 
the relationships between f and R which 
hold for the laminar, transitional, and 
turbulent states of flow." From the 
Hagen-Poiseuille law for laminar flow 
through tubes, it holds that in laminar 
flow, 


- 4 
fae 


a relationship which appears as a straight 
line in Figure 1. From experiment it has 
been found by various investigators that 
in well-established turbulent flow at 
higher velocities in a pipe of given 
roughness, the value of f is a constant, 
independent of velocities and of Rey- 
nolds numbers. This condition is ex- 
pressed in the series of horizontal lines 
labeled for pipe roughness in the nota- 
tion of Nikuradse. (These numbers are 
the ratios of the thickness of the periph- 
eral laminar zone to the heights of the 
average roughness elements; hence they 
are really smoothness numbers, the 
smaller numbers applying to the rougher 
pipes.) It will be noted that, the smooth- 


a wholly inadequate range not only resulted in an 
awkward hyperbola in place of the usual straight 
laminar flow line but also achieved a grossly mis- 
leading allocation of lines B, B', and B? in his Fig. 1 
(Jour. Geol., Vol. XLVII [1939], p. 293). 


1© Powell, p. 202 of ftn. 3 (1940). 


11 Dodge and Thompson, pp. 202-6 of ftn. 8 
(1937). 
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er the pipe, the higher the Reynolds 
number must be before this phase is 
reached. The line from which the various 
turbulent flow lines break off has been 
determined to have the formula ap- 
proximately as follows: 

a logro Vf + 0.40, 


logio R = vs; 


and it is shown on Figure 1.” It should 
be noted that much of this discussion 
is based on flow in pipes. This is because 
the larger part of such exhaustive ex- 
perimentation has been done on pipes. 
Because of the generalized form of 
plotting, the principles are applicable 
to the problem of flow in channels. It 
should be noted that the various rough- 
ness lines become horizontal at vi iues of 
the Reynolds numbers that increase 
with decreasing roughness and that at 
the smoothness value of 100 the change 
comes at the Reynolds number of about 
I0°-5, 

Now to summarize the characteristics 
of the Stanton diagram, it is pointed out 
by Powell that on it are shown 
five distinct zones, depending on the value of 
the Reynolds Number. (1) The Laminar Zone, 
= and the loss 
of head varies as the first power of the velocity. 
(2) The Critical Zone, where R is between 2,000 
and say 3,000. Here the flow may be laminar 
but is more likely to be turbulent. ... . (3) The 
Smooth Pipe Zone where the flow is turbulent 
but f depends only on the Reynolds Number 
and not at all on the roughness of the pipe wall. 
(4) A Transition Zone where f depends mostly 
on the relativ. roughness, but still somewhat 
on the Reynoids Number. (5) The Rough 
Pipe Zone, where f depends entirely on the 
relative roughness and not at all on the Rey- 
nolds Number.'3 


. —. 
where R is less than 2,000, f = 


In so far as flow of water in pipes is 
concerned, it appears that all possible 
12 Powell, p. 175 of ftn. 3 (1940). 

"3 Tbid., pp. 185-86. 
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combinations of the parameters that 
enter into the value f and the Reynolds 
number will fall within the range of the 
laminar flow line on the left, and thence 
on the smooth pipe line and the fairly 
broad but not indefinitely wide zone of 
rough-pipe values at the right. Any other 
allocation of flow of water in pipes is 
held to be impossible. 

The notation of the Stanton diagram 
is perfectly general; it is supposed to 
hold for other liquids than water; and it 
presumably holds in all essential par- 
ticulars for channels as well as pipes if 
comparable notation is used. But it 
should be recognized that no experi- 
ments have been made with water for 
Reynolds numbers higher than 10’, nor 
with channels so large or slopes so steep 
as those involved in the Alika flow. 
Hence the_data with which we are here 
concerned yield a Reynolds number two 
logarithmic cycles, or about a hundred 
times, higher than the field which has 
been fairly well explored. 

From the division of the Stanton dia- 
gram into five roughly vertical zones, we 
conclude that comparisons of flow con- 
ditions will be more fully justified and 
valid when they lie in the same zone and 
wil at least be open to more question 
when they involve conditions lying in 
two different zones. This principle is 
identical with the stipulation that for 
valid comparisons between real condi- 
tions and model-scale experiments that 
model experiments should be so designed 
hat they provide similar Reynolds 
tumbers to those of the field conditions. 


COMPARISON OF FLOW CONDITIONS 


We note from the location of the two 
hints calculated for water and lava, A 
tnd B, on the Stanton diagram that they 
tte widely separated horizontally and 
ein zones 5 and 1, listed above. 
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Accordingly, we should proceed with 
considerable caution and may view 
even the most carefully reasoned con- 
clusions with some skepticism. Starting 
with the conditions shown by the point 
A, we may show graphically what effect 
is exerted on the diagram by variations 
in the assumed conditions. The line 
0.037—0.008 shows the effect of variation 
in roughness; the line 6-12 shows the 
effect of differences in hydraulic radius. 

No one knows accurately what these 
values really were. An assumption was 
made by Palmer, based on personal ac- 
quaintance with the behavior of Hawai- 
ian lava flows and appearance of lava 
slopes, that the value of 0.014 was the 
most probable value of m. Nichols, whose 
arithmetic version of the Stanton dia- 
gram is necessarily somewhat misl ading, 
especially in the insupportable location 
of horizontal roughness lines at Reynolds 
numbers as low as 2 X 103, sees fit to 
conclude that ‘‘a roughness coefficient 
(m) of 0.037,.... would seem to be much 
nearer the truth,”’ but he offers no reason 
for such conclusion. The present writers, 
as well as several other persons consulted, 
all familiar with the Hawaiian terrain, 
with the behavior of lava flows here, and 
with hydraulic formulas, are not in- 
clined to follow Nichols in this conclusion 
and believe that Palmer’s assumption of 
0.014 is equally likely to be too high as 
too low, since the capacity of a lava flow 
to adjust its channel bottom in the direc- 
tion of smoothness is rather great. Values 
of m are empirically determined: for a 
given shape, the roughness m, deter- 
mined by experiment, might be quite 
different for lava and for water. We 
should not be misled by the fact of rough- 
ness of much of the final lava terrain, 
which is quite another matter. 

In making a translation from point A 
(Fig. 1) to point B, fixed by the values of 
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f and R, it is evident from the structure 
of these numbers that three component 
parameters are permissibly variable. 
These are: velocity in the ratio of about 
152/16.2,density in the ratio of 1/1.4,and 
viscosity in a ratio which is sought. The 
other parameters are assumed to be 
fixed, such as gravity, slope, and the di- 
mensions of the channel. Since density 
appears only in the Reynolds number, 
we may at once make the change to 
density 1.4 by moving the point A to the 
right by that amount. If now we reduce 
velocity in the ratio of 152/16.2, the 
point A is to be moved to the left in the 
amount of about 9.4, to the position 
R = 7.6 X 107. But such a reduction of 
velocity increases the value of f by the 
ratio 88.3, which would lead to the point 
A’ at f = 1.33. This point is untenable 
and represents an impossible flow condi- 
tion according to the Stanton diagram. 
No such value of the friction factor, f, is 
possible except on the laminar flow line. 

The only point on the laminar flow 
line which satisfies the friction factor 
value of 1.33 is at Reynolds number 


6 
“= 4 hor R= 4.81. Change of the 


? 


Reynolds number from point A’ to point 
B, values 7.6 X 107 and 4.81, without 
further change of velocity, density, or 
diameter, can only be accomplished by 
an increase in the viscosity in the ratio of 
(7.6/4.81) X 10°. This gives approxi- 
mately a viscosity in poises of 1.58 X 104. 
This is not offered as another measured 
value but rather by way of carrying to 
completion the reasoning started by 
Nichols. The value offered by Nichols of 
4.3 X 104 is not calculated from the Alika 
observations by comparison with water 
but was computed directly by use of the 
Jeffreys formula for laminar flow, after 
using the reasoning of the Stanton dia- 
gram to identify the flow of lava as 
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laminar in character. Though Nichols 
stated this in his paper, the trend of 
thought in the paper is likely to lead 
many readers to suppose that value to 
have been calculated from the Alika flow, 

The question may still be asked: Why 
cannot the reduction in velocity take 
place concurrently with increase in vis- 
cosity of similar rate? We can only re- 
iterate that such changes would lead to 
values of f and R which would locate a 
point in the portion of the Stanton dia- 
gram where no real condition of flow 
exists. For example, inspection of the 
scale of smoothness values shown by the 
horizontal lines of Figure 1 shows that 
the ratio of diameter of roughness par- 
ticle to diameter of pipe of 1:1 is reached 
in the vicinity of f = 0.1. Any greater 
roughness than this is logically unthink- 
able; moreover, it is evident that, as the 
diameters of roughness particles ap- 
proach the diameter of the pipe or chan- 
nel, the remaining openings, despite 
their irregularity, will be so reduced in 
size that any remaining flow must neces- 
sarily become laminar. 

Or, even if we take the indications 
shown by the calculated 0.008-0.037 
line, we recognize that the roughness on 
any scale must reach limiting values long 
before any value of f which satisfies the 
present requirements can be reached on 
the Stanton diagram. Or, to take another 
line of reasoning, the decrease of velocity 
in propc_tion to the increase of viscosity 
is diagnostic of laminar flow. This change 
takes place along the line of laminar flow 
shown to the left and cannot, according 
to the Stanton diagram, take place at 
higher Reynolds numbers. 

In short, despite the fact that the re- 
lations of the Stanton diagram have not 
been verified through all possible values 
of all the parameters involved, it seems 
most probable that the basic outlines 
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are valid and that flow conditions falling 
outside the lines and paths indicated in 
the five named zones are in fact nonex- 
istent. Thus the contention of Nichols 
regarding the laminar flow of lava within 
this range of values of slope and velocity 
seems fully supported. 

How closely, with this reasoning, may 
we fix the viscosity of the lava of the 
Alika flow? Certainly no closer than the 
estimate we can make of the behavior of 
water with the known viscosity. The 
variation of possible locations for point 
A, with n ranging from 0.008 to 0.037, 
corresponds to a ratio range of final 
values for viscosity of nearly 4; the effect 
of the range of hydraulic radius assump- 
tions from 6 to 12 feet is somewhat less, 
but, combined by with the 
values of m, gives a total possible range 
of about 10 times. This is on the assump- 
tion of strict utility of the Chezy formula 
and the Kutter coefficients at such 
slopes and velocities and depths. Even 
without a major error of reasoning, 
prudence suggests that any intermediate 
value chosen might be as much as two 
or three times, or as little as one-half or 
one-third the correct value. In the nota- 
tion of m X 10”, this suggests that m 
can be indicated to the nearest unit and 
that » should be given a tentative in- 
teger value, but it scarcely justifies a 
second significant figure in . 


extremes 


Similar reasoning applies to the calcu- 
lation of viscosity by the Jeffreys formu- 
la from the observed velocity and the 
estimated depth. If Jaggar’s estimates 
of depth as between 15 and 30 feet are 
accepted, the ratio 1:2 becomes squared 
in the formula and leads to a possible 
four-times variation in the result for 
viscosity. Moreover, the Jeffreys formula 
is correct for a channel of indefinite width 
and no drag on the sides or upper sur- 
face. It seems to us that in the case of 
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lava flows the retarding effect of the 
partly congealed top surface, with its 
load of partly submerged blocks, may 
well be considerable and comparable to a 
considerable increase of wetted perim- 
eter and decrease of hydraulic radius. 
We cannot even suggest the magnitude 
of this effect, but it seems that the un- 
certainties due to this cause might at 
least equal a 1:2 ratio, carrying the 
total plausible uncertainty here also up 
to eight times. If the 4.3 X 104, as cal- 
culated by Nichols from the Alika flow, 
is subject to such error, it might well be 
as low as 1.5 X 10‘ oras high as 1.1 X 10°, 
In such event the second place in 1 is use- 
ful only for convenience in illustration 
and calculation. 


MULTIPLE CONDITIONS OF FLOW 

Finch has recently set forth observa- 
tions suggesting the probable existence 
in some lava streams of liquid of two 
different sorts and probably a marked 
difference in viscosity.’* Even without a 
sharp distinction in types, we should ex- 
pect a large increase in viscosity toward 
the walls and bottom of any stream sub- 
ject to cooling effects. If the flow is lami- 
nar, the likelihood of mixing from zone 
to zone is relatively small, and the proba- 
bility that we may be dealing with a 
systematically nonhomogeneous liquid is 
to be faced. 

We have neither field data nor the 
requisite background of theory for a 
rigorous discussion of what might be the 
consequences of a systematic increase of 
viscosity toward the walls of a conduit, 
but certain qualitative suggestions are 
possible. We may at once concede the 
possibility that the central part of the 
flow might be turbulent while a thick, 
peripheral part might be laminar. Effect 

mR. H. 
pp. 1-3. 


Finch, Volcano Letter No. 480 (1943), 
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of such a supposition would be that the 
total flow condition would fall in widened 
zones 2 and 3, of the Stanton diagram— 
hence not in the pure laminar-flow condi- 
tion. Roughness would be of relatively 
little effect; the observed velocity of the 
lava flow at the surface would be too high 
to be diagnostic of the behavior of the 
laminar, under portion of the flow; and, 
given the surface velocity, the estimated 
channel size and particularly hydraulic 
radius might differ greatly from true 
values. The effect of this consideration 
would be to change materially the cal- 
culated velocity and the Reynolds num- 
ber of water flowing in a comparable 
channel. Hence, any comparison with the 
surface lava we might make would in- 
volve shorter migrations across the 
Stanton diagram and the indicated vis- 
cosity would be less than before. Wheth- 
er tle more viscous, bottom layer would 
be more viscous than the results of earlier 
calculation is beside the point, since we 
would have no basis for guessing its 
velocity or other dimensions. If the bot- 
tom layer is indeed as viscous as the cal- 
culations seem to suggest, the possibility 
that the upper and exposed layers are 
much less viscous in itself may help to 
reconcile the discrepancy between the 
high viscosity values and the relatively 
high apparent fluidity which impresses 
all observers. 

Recognition of the probable occur- 
rence of zones of differing viscosity, 
while suggesting the possibility that the 
indicated viscosity ratio would be some- 
what reduced, is of most importance in 
bringing realization that we may be deal- 
ing not with one liquid but with several 
and that we lack the resources in data 
and in theory to make a comparison that 
would be valid or to define what we de- 








C. K. WENTWORTH, M. H. CARSON, AND R. H. FINCH 


sire in an answer, since the viscosity of 
the lava would not be a unit value. 


ERRORS IN ILL-DEFINED CONDITIONS 


If we have such variations in the cal- 
culation of fairly well-indicated channel 
condition, we must expect much more 
error when the field data for the 1887 
flow are dealt with as loosely as they 
were by Nichols." First of all, the accept- 
ance of Stearns’s statement that “‘it 
must have had an average velocity of 0.7 
mile an hour” as a statement of rate 
of channel or steady flow is a definite 
error, since Stearns himself, in the next 
line after the not too unequivocal state- 
ment quoted, says: “It must have moved 
considerably faster in the feeding chan- 
nel.’”® Use of the 0.7 mile per hour, 
which is obviously a rate of advance of 
the lava front, serves only to repudiate 
completely any estimate based on it. It 
is the less justifiable, since Nichols him- 
self elsewhere recognizes the difference 
between the two rates’? but does not, it 
appears to us, make sufficient amends 
for the misleading effect of juxtaposing 
the values of 4.3 and 4.77 in his table, 
when it is evident that the former may 
deviate substantially from 4 and that the 
latter probably does not justify tabula- 
tion in numerical form. It does not seem 
to us that the close similarity between 
the values 4.3 and 4.77 can be of the 
slightest real significance. 

The writers do not feel any special 
qualification for discussing the field data 
in the case of the McCartys flow, to 
which Nichols applies some of the con- 
clusions already discussed. But we do 
find it impossible to conceive the move- 


1s Pp. 295-96 of ftn. 1 (1939). 


16H. T. Stearns and W. O. Clark, U.S.Geol. Sure. 
Water Supply Paper 616 (1930), p. 74. 


17 P. 298 of ftn. 1 (1939). 
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ment of a lava stream 1,500 feet wide, 
of any thickness, whether in one unit or 
several, in such fashion that the flow 
can be considered as a continuous stream 
which over such width is amenable to a 
formula for laminar or any other type of 
flow. The concept of flow units is even 
more fundamental than Nichols appears 
to recognize and should certainly de- 
mand that in any 1,500-foot width there 
are probably several units horizontally 
as well as vertically, and that only a 
serial sectioning that it is not given 
geologists to achieve would deduce the 
order of succession of emplacement of 
these. In course of all this emplacement, 
lava would flow in certain channels, prob- 
ably far narrower than the 1,500 feet, 
and under conditions for perhaps limited 
periods, which would permit determina- 
tion of viscosity if we had the data. So 
far as our observations go on basaltic 
lava flows and on flow formations, it does 
not seem to us that the over-all dimen- 
sions offered by Nichols have any bearing 
whatever on the flow behavior in any 
stream section which would permit a 
viscosity determination. Hence, it ap- 
pears to us that the conditions for the 
McCartys flow are not sufficiently de- 
fined to permit a conclusion that can be 
telied on—perhaps not closer than one- 
tenth or ten times the true value. So far 
as the rate of expulsion of certain Hawai- 
ian flows is concerned, the larger error 
is probably the thickness factor in the 
volume estimate, since observers in many 
instances have kept fairly continuous 
vigil at or near the vent. 

In the course of elaborating this dis- 
cussion, various observations on the be- 
havior of lava have been suggested as 
possible means for indicating viscosity. 
These include the observed splashing of 
lava, the breaking and spilling of bombs, 
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the formation of Pele’s hair, Pele’s tears, 
and the like. Given sufficient opportunity 
for planned measurements, the observa- 
tion of ripples, surges in lava lakes, the 
turning and foundering of floating blocks 
and many other behaviors could possibly 
be used to deduce approximate values 
for the existing viscosity. But in the pres- 
ent lack of definitive observations on any 
of these behaviors and the difficulties of 
handling, abundantly indicated by this 
problem already too long discussed, it is 
concluded that, until planned new ob- 
servations can be made, any such ap- 
proach would be futile. 


CONCLUSION 

It is the conclusion of the writers that 
the much-desired determination of the 
viscosity of basaltic lava under juvenile 
eruptive conditions has not been 
achieved with any precision having prac- 
tical utility. We believe that the Nichols 
conclusion that the flow of the lava under 
the field conditions postulated was lami- 
nar is a reasonable one, and correspond- 
ingly it appears that the values for vis- 
cosity deduced by Palmer and Becker 
are too low. Further, it appears that 
various observers’ impressions as to the 
fluidity of lava—that it ‘flowed like 
water,’ and such—are by no means re- 
liable. It is probable that the ordinary 
human kinematic sense, unaided by in- 
struments, is quite unable to resolve the 
factors involved in the Reynolds number 
or Stanton’s diagram. Probably we shall 
have to discount a great part of the feel- 
ing that a viscosity value is too high or 
too low. 

Apart from the nonhomogeneity of 
lava due to presence of gas, to involved 
blocks and crusts, and also to cooling and 
marked increase of ‘“‘viscosity” or re- 
sistance to flow near the margins, we 
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should recognize also that throughout 
the temperature ranges shown by lavas 
at the surface, the processes of crystalli- 
zation and mineral growth must serious- 
ly impair the comparison of lava with a 
true liquid. Not only is the lowering of 
temperature discontinuously related to 
heat loss, owing to heat transfer involved 
in the formation of successive minerals, 
but with the formation of those minerals 
the remaining fluid becomes successively 
a different substance. The sum total is a 
very complex suspension of increasing 
amounts of minerals in a changing resid- 
ual fluid which no doubt becomes in- 
creasingly resistant to flow with lowering 
of temperature. It seems very doubtful 
if under any natural conditions of flow 
and of cooling in the form of a river, the 
mobile lava has been or perhaps can be 
so defined, as to its temperature and 
constitution from place to place, as to 
justify deducing its unit resistance to 
movement in the form of a coefficient 
of viscosity. 

The reasoning presented in this paper, 
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in the absence of sorely needed field data 
closer to the problem, supports the view 
that the viscosity of lava may range be- 
tween 104 and 1o’ times that of water, 
or the order of trom 107 to 10° poises, 
Data from other sources, such, as labora- 
tory determinations on dry melts at the 
lower temperatures, indicate viscosities 
that approach the high orders but start 
a hundred times lower at temperatures 
of 1,400° C. In general, we should expect 
gas-loaded lava flows to be more fluid 
than the same basalt in dry melts. It is 
not clear to the present writers that we 
can go further than to say that the vis- 
cosity of basalt in active lava-channel 
streams appears to fall in the range from 
10? to 10° poises. In view of large uncer- 
tainties in the calculations and in the 
conclusions, it is not clear that such vis- 
cosity statements are of greater value 
than the raw data on the observed rates 
of flow of various lava streams, and it is 
believed that statement in the form of a 
coefficient of viscosity is unfortunately 
very misleading at this stage. 
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POST-WASATCH TERTIARY FORMATIONS IN 
SOUTHWESTERN UTAH' 


HERBERT E. GREGORY 


United States Geologic 


‘al Survey, Washington 


ABSTRACT 


In southwestern Utah widely exposed conglomerates, pyroclastics, and lacustrine and fluvial sediments 


overlie the Eocene limestones that constitute the bul 


partly consolidated rocks have been grouped as the - 


formations. 


INTRODUCTION 


In southwestern Utah the consolidated 
and partly consolidated beds of pyro- 
clastics, conglomerates, alluvial sands, 
and lacustrine silts that postdate the typ- 
ical Wasatch limestones are displayed on 
canyon walls, in broad valleys, and on 
drainage divides and differ in origin, age, 
and mode of deposition. In reports sub- 
mitted for publication by the United 
States Geological Survey’ these miscella- 
neous deposits have been mapped as the 
components of three formations: Brian 
Head, Parunuweap, and Sevier River. 


BRIAN HEAD FORMATION 
DISTRIBUTION AND CHARACTER 
Generally along the western edge ‘of 
the Aquarius, Sevier, and Markagunt 
plateaus, where beds of Tertiary age are 
exposed in the upthrow blocks of master 
faults, the characteristically pink, com- 
pact limestones of the Wasatch forma- 
tion are overlain by conspicuous white, 
regularly stratified calcareous and sili- 
ceous beds and they in turn by gray, 
coarse-grained, igneous conglomerates 
and breccias, which in places extend up- 
'‘ Published by permission of the director, United 
states Geological Survey. 


?H. E. Gregory, “The Zion Park Region, the 


Paunsaugunt Region, and Eastern Iron County,” 
U.S. Geol. Surv. papers submitted for publication. 
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k of the Wasatch formation. These consolidated and 
Brian Head, the Parunuweap, and the Sevier River 


ward to sheets of black lava—the cap 
rock of the plateaus. On the southern 
parts of the Aquarius, Paunsaugunt, 
and Markagunt Plateaus the white beds 
are essentially limestone that include 
here and there varying amounts of gran- 
ular and amorphous quartz, chalcedony, 
and decomposed lavas. On the northern 
Aquarius, the southern Sevier, and 
central Markagunt plateaus, beds in 
the same stratigraphic position consist 


chiefly of pyroclastics and highly 
siliceous limestones and _ chalcedony. 


Thus in a widely spread, continuous 
series of strata, the quartzose materials 
and volcanic debris increase from south 
to north. However, the northward 
change from dominant limestone to domi- 
nant tuff and ash is not regularly pro- 
gressive. In places thin sheets and lenses 
of calcareous silts are interbedded with 
the thick tuffs, and in other places 
chunks of chalcedony and the disinte- 
grated basic and acidic igneous rocks are 
scattered through thin-bedded calcare- 
ous shales. 

C. E. Dutton’ and his co-workers in 
the Powell and Wheeler surveys classed 
the stratified, white, dominantly calcare- 
ous strata that overlie the massive pink 


3 “Report of the Geology of the High Plateaus 
of Utah.” U.S. Geol. Surv. Rocky Mts. Region 
(1880), pp. 73-74, 158-59, 199, 237-38. 
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limestones on the Paunsaugunt and 
Markagunt plateaus as “lacustrine lime- 
stones’—‘‘the upper white limestones 
and marls [at the] summit of the Bitter 


* wy: 


et 


. 


Fic. 1.— 
Plateau. The overlying 
Photographed by the U.S. Forest Service. 


Creek group” (Substantially the Wa- 
satch formation)—and described the 
beds in corresponding stratigraphic posi- 
tion at the head of Parowan Canyon, in 
Bear Valley, and along the South Fork 
of the Sevier as records of volcanic ac- 
tivity: “fine grained marls and sand- 
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stones which have been derived from 
the decay of ancient lavas.’’ In most 
later reports on the geology of the south- 
ern High Plateaus scant attention is 


Limestones in the Wasatch formation (Eocene); typical exposure along the rim of the Markagunt 
calcareous silts of the Brian Head formation have been eroded from its surface 


given to the Tertiary strata described 
by Dutton; the disintegrated “ancient 
lavas” are barely mentioned; and the 
“upper white limestones and marls’’ are 
incidentally classed as “white Wa- 
satch” and treated as a phase of deposi- 
tion during undefined Wasatch time. 








Mas 
field 


Fy 


fault. 








Fic. 2.—Brian Head formation; thin-bedded calcareous phase (the white Wasatch of early reports). 


Massive, pink limestone of the Wasatch formation lies about 150 feet below. Branch of Red Canyon, Gar- 
field County, Utah. 


avas in the upthrown block of the Paunsaugunt 
Canyon. 
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Recent regional surveys seem to justify 
the recognition of the limestones, bedded 
pyroclastics, and conglomerates that lie 
between the limestone of the typical Wa- 
satch formation and the widely spread 
lava flows as a distinctive unit in 
Tertiary stratigraphy for which the term 
“Brian Head formation” is here applied. 
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ness, and, because of erosion or non- 
deposition, one or the other is absent in 
places. On the southern Aquarius, Paun- 
saugunt, and Markagunt plateaus only 
the lower unit is represented, and gener- 
ally north of Kingston Gorge, Circle- 
ville Canyon, and Bear Valley only the 
higher unit. 





Fic. 4.—Brian Head formation: bedded pyroclastics. Face of Casto Bluff, southwest edge of Sevier 


Plateau. 


A representative section is exposed at 
the type locality of Brian Head, a promi- 
nent projection on the western rim of the 
Markagunt Plateau near Cedar Breaks 
National Monument. 

Where fully represented the Brian 
Head formation includes two strongly 
contrasted subdivisions: a lower unit of 
evenly stratified, fine-grained materials, 
and an upper unit of coarse agglomerates. 
Both subdivisions vary widely in thick- 


The stratigraphic limits of the Brian 
Head formation are fairly well defined. 
Generally the contact with the under- 
lying limestone of the Wasatch forma- 
tion is marked by an abrupt change in 
the color, composition, and texture of 
the sediments and in places by an ero- 
sional unconformity. Along the west 
base of the Aquarius Plateau above 
Black Canyon a thin bed of the lower 
unit of the Brian Head formation rests 
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ona maturely eroded surface of Wasatch. 
In Antimony Canyon all the Wasatch 
and most of the lower unit of the Brian 
Head has been worn away, and Tertiary 
breccias and lavas rest on Cretaceous 
shales. At the upper boundary of the 
Brian Head formation igneous conglom- 
erates lie unconformably beneath the 
lavas that in places cap the plateaus. 

The sources of the materials in the 
Brian Head formation have not been 
identified. Some of the loosely compacted, 
regularly stratified, and dominantly 
calcareous beds may represent the de- 
composition and redeposition of the un- 
derlying compact pink limestone, but 
their component chalcedony and _tuf- 
faceous conglomerate are out of place in 
the normal Wasatch formation. The 
pyroclastic beds are obviously not local 
in origin. They are water-laid sediments 
derived from the disintegration of lavas 
that are exposed nowhere in southern 
Utah. The interpretation of the physical 
features of the Brian Head seems to in- 
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Fic. 5.—Brian Head formation, showing style of 
erosion in thin-bedded volcanic ash, tuff, and sili- 
ceous limestone. Limekiln Gulch—a tributary to the 
South Fork of Sevier River. 





Fic. 6. 
Canyon. 


Brian Head formation: congiomerate phase. East Fork of Sevier River near the mouth of Black 
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volve the assumption that lavas and 
calcareous sedimentary rocks in regions 
north or northwest of the southern High 
plateaus were completely broken down 
and their disintegration products spread 
over the limestone surface of the Wa- 
satch formation. 


TABLE 1 


GENERALIZED SECTION OF THE BRIAN HEAD FORMATION AT BRIAN HEAD 


Glacial deposits 


Rhyolitic lavas in thin sheets; forms top of Brian Head 


Unconformity; surface of erosion 
Brian Head formation 


5. Volcanic ash; red, highly compacted, includes tuff and ash, thin sheets of acidic 
EL oi V'e arcg tcce ey a, 4, Ads o- a ro ele Arkin 6k 


Unconformity 
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obviously older than the Sevier River 
formation, which contains fossils of up- 
per Pliocene (?) age. The formation pre. 
dates the movements along the Hurri- 
cane, Sevier, and Paunsaugunt faults in 
late Tertiary and Quaternary times. 
The outstanding features of the Brian 


Feet 


4. 


Breccia, angular blocks of acidic lava, variable in texture, color tone, and composi- 
tion; commonly 6 to 12 inches, some as much as 6 feet, in diameter. Near the top 
includes broken sheets of black scoriaceous andesite and lenticular aggregates of 
ash and lapilli. Base concealed but at one place below the breccia dense acidic rock 
with strong parallel horizontal joints suggests an intrusion 
Lava, acidic porphyritic, glassy; thin regular sheets marked by flow structures; 
breaks into sharp angular steps... 


. Volcanic ash in irregular beds, 2 to 8 inches thick; finer grained and more thinly and 


evenly bedded toward the top; includes lenses of coarse sandstone, siliceous lime- 
stone, clay, and chalcedony and is marked by black bands, chiefly magnetite; 





much of the rock is porous and in places resembles travertine and geyserite 
1. Volcanic ash; with subordinate calcareous sandstone; gray, yellow, white, un- 

evenly bedded; abundantly implanted with pink, brown, white, and black chalce- 

dony, distributed as nodules and lenses; near the middle continuous beds of chalce- 

dony are 2 to 5 feet thick and as much as 500 feet long..................2200- 210 


Unconformity? ‘ 
Limestone typical of the Wasatch formation 


In age the Brian Head formation is 
tentatively considered to be Miocene, 
but the evidence for this assignment is 
far from satisfactory. The rare fossil 
snails and fragmental turtle bones be- 
long to genera that range throughout the 
Tertiary; few have been specifically de- 
termined. On the Markagunt Plateau 
the formation lies above rocks of 
Eocene—possibly middle or even late 
Eocene—age, and below Tertiary vol- 
canics, which in turn underlie Quater- 
nary basalts and glacial deposits. It is 
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Head formation are illustrated in Figures 
1-6. The characteristics of the pyroclas- 
tic phase are shown in the representative 
sections (Tables 1 and 2). 


PARUNUWEAP FORMATION 


In southwestern Utah most valleys 
are floored with alluvial sands _ that 
record several periods of aggradation and 
degredation during Recent time and per 
haps late Pleistocene. At heights 0 
10-200+feet above this friable valley 
fill consolidated or partly consolidated 
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masses of boulders, gravel, and strati- 
fied sand lie at the top or midway up on 
the walls of canyons, completely fill some 
short shallow valleys, and extend onto 
some low interstream divides. Within 
the drainage basins of the Virgin, Kanab, 


land on rim of Sevier Plateau 
Brian Head formation 


8. Conglomerate of igneous fragments...... . 


Nos. 6 and 8 not definite. . . 


forms with hardened surfaces......... 
Total Brian Head formation 


Wasatch formation 
5. Limestone, red, sandy..... 


4. Limestone, irregular beds, aie. very sandy 


3. Limestone, red, poorly consolidated. 
2. Limestone, yellow, banded red and white, 
I. 


Base concealed......... 


Total Wasatch formation....... 


POST-WASATCH TERTIARY FORMATIONS IN UTAH 


COMPOSITION 

The Parunuweap formation includes 
two chief classes of sediments—conglom- 
erates and alluvial or !acustrine silts— 
both of which vary widely in composition 
from place to place. In the Virgin and 


TABLE 2 
SECTION OF THE EDGE oF SEVIER PLATEAU 2+ MILES WEsT OF CasTO BLUFF 
Feet 
g. Andesite, basalt, and igneous breccia undifferentiated; forms prominent head- 
PS ED OP ee ge ee Ee ee 600+ 
sais tab Bite Sabaneta ee Wea aa tie clase Voce Gn meed go+ 
7. Tuff, ash, and shale, green white, gray white, fairly regular beds and long thin 
lenses, unsystematically hard and very soft. Includes lenses of fine quartz-quartzite 
conglomerate and much chalcedony. Weathers as intricately dissected badland 
slope or, where protected by Nos. 8 or 9, ead — cliffs. Contact with 
Peele et ths tee Nine ete vith 4 hel Saeko rca ne hs Ries 740 
6. Volcanic ash and siliceous limestone; gene ral green tone; hard and very soft dis- 
continuous layers; includes rare lenses of fine conglomerate; weathers in badland 
ees 50-200 
I ,030+ 
: : 15 
In combination Nos. 2-5 form a series of color- banded be nches. 
Sactatd ; laa atnies aed 40+ 
LE ee eet ere ae ee ne 34 
very friable, “sandy 36 
Limestone, pink, massive and in thick beds; includes lenses of conglome rate, made 
chiefly of quartzite and quartz pebbles; in nearby Casto Canyon forms vertical 
walls, projecting buttresses, picturesque columns, towers, statuettes, and windows. 
eae scre Ok ek ee reheat ee es ea ignctias are 360 
duruin Aclet niet oretane daa one aot . 489+ 
2,119+ 


Total thickness measured. .... 


and Paria rivers the remnants of this 
material, displayed as terraces, benches, 
and aggregates of various shapes, occupy 
comparable topographic positions and 
are believed to represent stream-borne 
debris deposited during a single epoch of 
regional aggradation. They are classed 
as parts of the Parunuweap formation- 
aname derived from the Parunuweap 
valley, where typical exposures are 
tumerous (see Fig. 7). 





Parunuweap valleys the conglomeratic 
phase of the Parunuweap consists chiefly 
of angular slabs of gray sandstone 1-4 
feet in length, partly worn pebbles of 
limestone, elongated iron concretions 
1-12 inches in diameter, and rounded 
pebbles of quartz, quartzite, and chert, 
generally less than 3 inches in diam- 
eter. In Kanab Valley the conglomerate 
includes angular chunks of basalt and 
many mud balls. In Coal Creek Valley 


» » 


Fic. 7.—Parunuweap formation (Tp), overlain by Tertiary (?) basalt (B), and underlain by the Cre- 
taceous Waheap and Straight Cliffs sandstones, undifferentiated (Kws). Parunuweap Valley, 2 miles above 


Glendale-type locality. 


Fic. 8.—Parunuweap formation: roughly bedded conglomerate and sandstone, representative of man 
exposures in Kane, Washington, and Iron counties, Utah. Junction of federal highways 15 and 8g nea! 
Mount Carmel. Fy 
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the chief components are slabs of pink 
and red limestone, gray sandstone, and 
rhyolite 1-3 feet in diameter; angular 
and rounded pebbles of quartzite; and 
chips of chalcedony. Everywhere the 
cement of the conglomerate is calcareous 
and includes enough iron oxides to pro- 
duce in places a general tint of brown or 
yellow. Along branches of Paria River 
the coarse gravels have been consoli- 
dated into a caliche mass that forms 
persistent caps of mesas 50-70 feet above 
the stream bed. The lacustrine type of 
Parunuweap deposits, well represented 
along Lawrence Creek (a tributary to 
Coal Creek), consists of thin layers of 
fine-grained quartz sand and closely 
foliated sheets of calcareous and gypsif- 
erous silts. The slight unconformities 
between groups of beds indicate seasonal 
pauses in deposition (see Fig. 9). 

The Parunuweap formation rests on a 
surface of erosion developed on rocks of 
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Fic. 9. 
fluvial silts. Lawrence Canyon, a branch of Coal 
Canyon. 


Parunuweap formation: lacustrine and 


Fic. 10.—Parunuweap formation (7'p), resting on truncated beds of the Moenkopi formation (7rm), 


uptilted in the Kanarra fold. Mouth of Coal Canyon, near Cedar City. 
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various ages; from'place to place it over- 
lies indifferently the Triassic, Jurassic, 
and Cretaceous formations. Its upper 
contact is equally well marked; beds in 
the Parunuweap are unconformably 





Fic. 11.—Parunuweap formation: conglomerate 
resting unconformably on Triassic shales. Virgin 
River Valley near Grafton. 


overlain by sheets of basalt or by talus, 
stratified sand, and gravel of very recent 
age. As defined by these limits, the exist- 
ing exposures are 30-80 feet thick. Before 
erosion had removed its upper part, its 
thickness in places probably exceeded 
100 feet (see Figs. 10, 11, 12). 


ORIGIN AND AGE 


The numerous remnants of the Parun- 
uweap formation in southwestern Utah 
are restricted to valleys, low divides, 
and shallow basins on the plateau 
tops. They consist of materials that 
characterize shattered ledges, alluvial 
fans, talus slopes, and the disintegrated 
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rock on interstream spaces. From near- 
by areas they seem to have been trans- 
ported by strong streams of fluctuating 
speed and volume and dumped into 
valleys or other available depressions. 

Though the Parunuweap formation 
has yielded no fossils of diagnostic value 
its stratigraphic position among other 
formations of late Tertiary and Quater- 
nary times makes a tentative assignment 
to the Pliocene seem reasonable. It is 
older than the Quaternary basalts, the 
fossiliferous Pleistocene sediments, and 





Parunuweap formation and overlying 
Tertiary (?) basalt; the partly eroded gravel fill of 
an ancient valley overrun by lava flows. Wall of La 
Verkin Canyon 2 miles south of Toquerville. 


FIG. 12. 


the regional uplifts and faults that out- 
line the High Plateaus. It is younger than 
the widespread rhyolites, andesites, and 
latites of probable Miocene age and pre- 
dates part of the deep stream trenching 
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that characterizes the Canyon Cycle of 
erosion. In distribution, composition, 
and general physical aspects it closely 
resembles the materials of late Pliocene 
or early Pleistocene age that in central 
Utah constitute the Sevier River for- 
mation.* Also in stratigraphic position 
and regional relations they are compa- 
rable to the Pliocene deposits that in the 
Navajo country lie on a surface of ero- 
sion developed on Cretaceous, Jurassic, 
and Triassic rocks.* 


THE SEVIER RIVER FORMATION 


In southwestern Utah rocks assigned 
to the Sevier River formation of late 
Pliocene or early Pleistocene age form 
part of the faulted fanglomerates that 
extend westward from the base of the 
Sunset Cliffs and are well exposed along 
the South Fork of the Sevier River be- 


4Eugene Callaghan, “Preliminary Report on 
the Alunite Deposits of the Marysville Region, 
Utah,” U.S. Geol. Surv. Bull. 886 (1933), pp. 11-101. 


sGregory, ‘The Geology of the Navajo Coun- 
try,” U.S. Surv. Prof. Paper 93 (1917), p. 121; 
Howell Williams, “Pleistocene Volcanoes of the 
Navajo-Hopi Country,”? Bull. Geol. Soc. Amer., 
Vol. XLVII (1936), pp. 111-72; J. T. Hack, “Sedi- 
mentation and Volcanism in the Hopi Buttes, 
Arizona,” Bull. Geol. Soc. Amer., Vol. LIII, No. 2 
(1942), Pp. 335-72. 
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tween Hatch and Panguitch, where they 
underlie Quaternary basalts. The de- 
posits make up partly consolidated, 
roughly stratified beds of conglomerate, 
sandstone, and arenaceous shale, of 
which the most conspicuous components 
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Fic. 13.—Sevier River formation: view typical of 
exposures along the South Fork of the Sevier River. 


are subangular fragments of andesite 
and other igneous rocks 3-10 inches in 
diameter. The finer-grained materials 
are quartzose gravel and sand, which 
include some volcanic ash and clay 
shale (see Fig. 13). Like the Parunuweap 
formation, with which it is tentatively 
correlated, the Sevier River formation is 
not continuous over large areas. It oc- 
cupies streamways and other depres- 
sions into which materials from sur- 


rounding regions have been carried. 








LANDSLIDE IN ZION CANYON, ZION NATIONAL PARK, UTAH 


RUSSELL K. GRATER 
Rocky Mountain National Park, Estes Park, Colorado 


ABSTRACT 


The existence of a large landslide that blocked Zion Canyon and created an extensive lake has been 
demonstrated through mapping of the slide and discovery of the old lake deposits. The slide came from 
Sentinel Mountain on the west side of the canyon. It was caused by an extensive fracture and joint system, 
water-saturated shale beds underlying the massive Navajo sandstone, and a regional dip of 1°—3° to the 
northeast. Erosion of the slide debris is still very rapid, as is shown by the major slides of 1923 and 1941 that 


temporarily dammed the Virgin River. 
INTRODUCTION 

For some time it has been recognized 
by geologists that the level floor of Zion 
Canyon was probably caused by a major 
landslide several thousand years ago that 
dammed up the Virgin River and caused 
sedimentation in the still waters behind 
the barrier. In recent years rock slides 
of sufficient size to destroy whole sec- 
tions of the valley road and to dam the 
river have brought a renewal of interest 
in this phase of the canyon story. In an 
attempt to work out the details of what 
took place, the writer has spent as much 
time as possible during the last two years 
investigating and interpreting the avail- 
able evidence. 


GEOLOGICAL REVIEW OF THE AREA 


The Markagunt Plateau is the extreme 
southwestern portion of the Plateau 
Province in southern Utah. To the west 
it is bounded by the Hurricane fault, 
with a maximum throw of approximately 
6,000 feet. Its eastern edge is marked by 
the Sevier fault, with a displacement of 
approximately 2,000 feet. Starting from 
near sea-level, the plateau has been 
raised until its highest point is now over 
11,000 feet above the sea. During the up- 
lift the southern end of the block rose 
more than the northern portion, creat- 
ing a regional dip to the northward. In 
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similar fashion the western edge of the 
block exceeded the uplift along the Sevier 
fault, causing the rock strata to dip to 
the eastward from 1° to 3°. The greater 
part of the northern end is covered by 
lavas. 

The uplift of the Markagunt Plateau 
was a slow and intermittent movement. 
As the highlands developed, conditions 
for erosion became more favorable, and 
the established streams became powerful 
scouring agents as their gradients steep- 
ened. Thus were carved the many sheer- 
walled canyons so characteristic of the 
Zion region. During this period of uplift 
a striking regional system of joints was 
developing. The pattern of this system 
is very uniform, the major fractures 
trending north-northwest throughout the 
plateau. These vertical cracks have a 
strong influence upon the drainage sys- 
tem of the region, as the streams tend to 
follow along these zones of weakness 


STRATIGRAPHY 


Of the rock column exposed in the 
Markagunt Plateau, only those strata 
of Triassic and Jurassic age are of im- 
portance in this paper. The Triassic is 
made up of the sandstone, shale, gypsum, 
and limestone of the Moenkopi formation 
(approximately 1,800 feet, Lower Trias 
sic), the conglomerate of the Shinarump 
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formation (approximately 85 feet, Upper 
Triassic), and the sandstone, shale, gyp- 
sum and limestone conglomerates of the 
Chinle formation (approximately 1,000 
feet, Upper Triassic). With the exception 
of the Shinarump and one member of the 
Chinle, these rocks are rather weak and 
are readily eroded. The Jurassic is com- 
posed of the Wingate (approximately 150 
feet, Lower Jurassic?), a strong, cross- 
bedded sandstone; the Kayenta (ap- 
proximately 40 feet, Lower Jurassic?), a 
series of coarse- and fine-grained sand- 
stones intermingled with shale beds; the 
Navajo (approximately 2,100 feet, Mid- 
dle Jurassic?), a massive, fine-grained, 
friable, quartz sandstone; and the Car- 
mel (ap roximately 250 feet, Upper 
Jurassic), a group of hard limestone beds 
separated by thin beds of limy sand. Of 
these formations, the Wingate, Navajo, 
and Carmel are of sufficient strength to 
resist rapid erosion, while the Kayenta 
is weak. 


STATEMENT OF THE PROBLEM 


To the visitor viewing Zion National 
Park for the first time, there is a tanta- 
lzing similarity in shape between the 
sheer-walled gorge of Zion Canyon and 
the Yosemite Valley in Yosemite Na- 
tional Park, though the colors of the two 
areas are decidedly different. The impres- 
sion is so pronounced that the explana- 
tion of this similarity is a daily task for 
the members of the naturalist staff of 
the park. To do this adequately has been 
abit difficult. It was easy to show that 
glaciation did not occur in Zion Canyon 
and that the apparent “ice lines” on the 
diffs were really only dune deposits of 
the Navajo formation in cross-section. 
Even the sheer walls and U-shaped val- 
ly could be explained by pointing out 
how the fracture system, plus the action 
of natural arches created by seeps at the 
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base of the cliffs, worked together to 
keep the walls relatively vertical. But 
the most difficult problem was to explain 
the pronounced flatness of the canyon 
floor (Fig. 1). By comparison, the other 
major canyons of the region have floors 
that are only roughly flat. It was to de- 
velop a better understanding of this prob- 
lem that the study was inaugurated. 


GENERAL FIELD EVIDENCE 

A preliminary survey of the valley dis- 
closed that the flat floor is primarily of 
water-laid clays and fine sands. Zion 
Canyon has been carved through the 
erosive power of the Virgin River, whose 
spring floods allow very little deposition 
of the flood-plain type. Inasmuch as the 
vast deposits in the valley floor could 
have formed only in relatively still 
water, the possibility of a flood-plain ac- 
cumulation could be quickly discarded. 
Since still waters were required for the 
deposition of the valley materials, it is 
clear that a barrier must have been 
created across the valley at some time 
which impounded its waters. 

The belief that a major barrier once 
existed near the mouth of the canyon 
was soon confirmed. There was no diffi- 
culty in locating a slide mass which 
blocked the stream or in determining 
its minimum extent. Reconnaissance 
showed that the slide had come from the 
east face of Sentinel Mountain (see Fig. 
2), where some highly shattered rocks re- 
main to show the source of the material. 
The slide itself is approximately 15 miles 
in length and 2 mile in width at its widest 
point. Near its crest is a vast field of 
huge boulders of the white Upper Navajo 
sandstone, now almost a half-mile from 
the base of the nearest cliff. Behind the 
crest of the slide is a small valley with 
gently sloping terrain to both south and 
north where small intermittent streams 
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Fic. 1.—Zion Canyon near Zion Lodge. The characteristic flatness of the valley floor is well illustrated ir 
this sector. 
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Fic. 2.—Aerial view showing the slide area from point above the Court of the Patriarchs. Note the high! 
shattered area around the east face of the Sentinel. 
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have removed part of the loose debris. 
In the southern portion of the slide area, 
the Virgin River has removed all but one 
remnant from near the stream course, 
this one remnant apparently being from 
a small landslide similar to those that 
blocked the river and destroyed portions 
of the canyon highway in 1923 and 1941 
see Fig. 3). In both of these instances 
sme of the loose debris of the older slide 
mass moved down, damming the Virgin 
River for a short period of time. 

The cause of the major slide is im- 
mediately apparent from a study of the 
topography and rock strata. As has been 
pointed out, there is pronounced rock 
fracturing in places, with cracks extend- 
ing from the uppermost formations down- 
ward through the exposed beds and into 
the underlying rocks. One such zone of 
fracture extends from the Wildcat Can- 
yon—Great West Canyon area through 
the Court of the Patriarchs and into or 
past the Sentinel (see Fig. 4). Because of 
this fracture system large blocks became 
capable of movement away from the 
anyon wall. Couple with this the fact 
that the weak shale beds underlying the 
massive Navajo sandstone are dipping 
to the eastward, and the cause of the 
ide becomes clear. The drainage de- 
veloped in this area indicates that these 
fractures have been a strong factor in 
developing the present topography. 

Following the mapping of the slide, 
al examination was made of the valley 
between the Court of the Patriarchs and 
the Temple of Sinawava—a sector about 
smiles in length. Remnants of old lake 
ill in the form of well-bedded, finely 
laminated clay deposits were uncovered 
in Birch Creek Canyon (see Fig. 5), at 
various places along the sides of the val- 
ky approaching Zion Lodge, in a small 
umamed alcove opposite Zion Lodge, 
Fe the Grotto Campground, and near the 
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foot of Angel’s Landing. The small alcove 
across from Zion Lodge afforded the best 
exposure of the bedding, and a survey 
was made to determine the elevation of 
the uppermost bedding plane. This was 
found to fall on the 4,320-foot contour, 
while the elevation on the valley floor 
was 4,269 feet. The river level at this 





FIG. 3. 


View of the 1941 slide that destroyed a 
portion of the valley road system. This debris came 
from the old slide originating on Sentinel Mountain. 


point is approximately 4,258 feet. Using 
the 4,320-foot contour as the maximum 
height at which known still-water depo- 
sition had occurred (highest known lake 
level), a chart was made showing the ap- 
proximate extent of the lake (see Fig. 6). 
Obviously the ancient lake created by 
the slide from the Sentinel must have ex- 
tended up the canyon at least as far as 
the Weeping Rock area. 

The park engineer uncovered addi- 
tional important evidence of lake fill in 
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test pits for the site of a small suspension 
bridge across the Virgin River opposite 
Zion Lodge. The first pit was dug ap- 
proximately 25 feet from the nearest 
talus slope on the west bank of the river. 
The first 4 feet were in sand, gravel, and 
clay. Then came 17 feet 7 inches of blue 
clay. At this point a fine muck was en- 
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is underlain with fine clays and silty 
materials that were obviously deposited 
in still or relatively still water. 


RECONSTRUCTION OF PROBABLE 
EVENTS 


From the evidence obtained, the prob- 
able events leading up to the present- 





FIG. 4. 
Fracture zone shown runs directly past the West Patriarch on either side. 


countered, and test rods thrust down 
into this oozy mass failed to reach solid 
bottom. On the east bank of the river a 
second test pit was dug at a distance of 
150 feet from the initial pit. The first 8 
feet of the material was of sand, gravel, 
and some clay. Then followed 12 feet of 
blue clay. At this point the digging was 
terminated, and test rods verified that 
fine muck was only a short distance be- 
neath the clay deposit. From these test 
pits it is clear that the level valley floor 


Aerial view showing southeastern portion of the Great West Canyon—Wildcat Canyon area 


day valley can be reconstructed. At one 
stage in its history the Virgin River had 
cut down to the Springdale member of 
the Chinle formation in the vicinity of 
the Court of the Patriarchs and through 
it to the southward. Then came a tre- 
mendous slide that blocked the entire 
canyon. From the formations involved it 
seems probable that water, fed into the 
fractures, filtered downward until the 
shale beds on top of the Springdale mem- 
ber were thoroughly saturated, creating 
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a “greased skid” for the great mass of 
overlying rocks. As the slide came down 
into the canyon it fanned out, filling in 
the gorge from the present location of the 
Zion Canyon—Mount Carmel Road junc- 
tion to the west side of the Court of the 
Patriarchs (see Fig. 7 and area on Fig. 6). 
The crest of the slide was directly op- 
posite the Sentinel and shoved a great 
mass of debris high up on the slope be- 
neath the Twin Brothers and Mount 
Spry. That the crest of the slide was at 
least 500 feet above the river-level is 
shown by the fact that the river was then 
around the 4,100-foot level, and the pres- 
ent high points of the slide on opposite 
sides of the river are 4,712 feet and 4,703 
feet, respectively (see Fig. 7). Erosion 
has undoubtedly lowered the crest, al- 
though not to any great extent. The 
blocking of the river formed a large lake 
that filled the canyon probably back as 
far as the Narrows at the foot of the 
Mountain of Mystery. In this still water, 
silt and clay muds carried by the old 
Virgin River were dropped, forming ex- 
tensive beds of clay underlain with oozy 
muck. In the meantime, the impounded 
waters finally began to pour over the top 
of the slide barrier. The lowest point 
along this barrier was on the east side of 
the canyon below the toe of the slide. 
Probably the initial erosion was rapid, as 
the waters had a tremendous fall and 
had only loose debris to move. It is be- 
lieved that the maximum lake elevation 
was maintained for only a comparatively 
short time and so left no mark of its posi- 
tion. After this, the lowering of the lake 
evel by removal of the slide debris was 
probably slower, allowing extensive dep- 
sition to continue in and around such 
still-water areas as Birch Creek and 
Emerald Pool canyons as well as behind 
the rock dam itself (see Figs. 8 and 9). 
The final draining of the lake and the ex- 
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posure of the clay deposits was probably 
a relatively slow process, as the deeper 
the stream ate into the slide debris, the 
more its gradient was reduced and the 
slower it cut. This allowed for partial 
consolidation of the underlying clays in 
the lake fill, and their protection against 
rapid erosion by a heavy vegetative 





Fic. 5.—Finely laminated clay deposits in Birch 
Creek Canyon. 
cover that came in over the valley floor. 
Today, at least 76 feet of this lake fill 
have been removed at its lower end, yet 
extensive deposits remain that are vir- 
tually untouched. 

There has been much speculation as to 
how rapidly the slide debris has been re- 
moved and will be removed in the future. 
Some conception of this can be obtained 
by records kept since the park was estab- 
lished in 1919. Since that date there have 
been two major slides involving the old 
slide debris. Both slides, incidentally, 
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Fic. 6. 
extent of the slide debris. 
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Map of Zion Canyon showing the minimum extent of the ancient lake and the present-dd 



















Fic. 7.—View from above the junction of the Zion Canyon—Mount Carmel Highway looking up the main 
2 Rock {|B Zion Canyon. The extent of the slide debris and its highest elevations on both sides of the valley are clearly 
] evident 
} 
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Fic. 8.—Clay deposits along the highway near the Court of the Patriarchs 
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occurred because the saturation by water 
of the shale beds overlying the Spring- 
dale member of the Chinle allowed the 
entire mass to move. No figures are 





Fic. 9.—Clay deposits laid against the slide debris as shown in the road cut at the Court of the Patriarchs 


Dotted line shows outline of slide. 


available as to the amount of material 
that came down and blocked off the river 
in 1923, but the 1941 slide was estimated 
to have comprised at least 150,000 cubic 
yards of rock debris. Thus, in twenty 
years, the river has removed a great 
quantity of the old slide. Using this as a 


gauge, the rate of removal and erosion 
has been rapid, and at most only a few 
thousand years can have elapsed since 
the slide occurred. 
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ABSTRACT 


Certain modern geology textbooks confuse the power with the force exerted by streams. It is desirable 
to distinguish clearly between the ‘‘capacity” of a stream to transport a load and its “competence” to shift 
masses Of specific size and between Gilbert’s definition of ‘‘capacity”’ of a stream and its potential energy. 
Some writers repeat an ancient mistake in relating capacity of a stream to its velocity. New errors follow the 
application to stream phenomena of empirical formulas based upon experiments in flumes, contrary to Gil- 


bert’s warning. 
INTRODUCTION 


Many textbooks carry the following 
statement: “The transportation power 
of a stream varies as the sixth power of 
the velocity.” In several cases' this state- 
ment is followed by such an explanation 
that the expression “transportation pow- 
er’ may be interpreted properly to mean 
the force just great enough to shift a 
mass of some specific size or weight.’ 
Other textbooks’ are so ambiguous, if 
not incorrect, that one may well suppose 
that the ‘“‘power”’ of transportation is to 
be understood literally in its technical 
meaning. This is especially applicable 
to those books written for students of 
engineering or other applied sciences. 


*T, C. Chamberlin and R. D. Salisbury, Geology 
1904), Vol. I, p. 109; W. H. Hobbs, Earth Features 
and Their Meaning (1912), p. 159; L. V. Pirsson and 
Charles Schuchert, Textbook of Geology, Part I 
2d ed.; 1919), p. 42; W. J. Miller, Elements of 


Geology (2d ed.; 1939), Pp. 109. 


?Grove Karl Gilbert, ‘“The Transportation of 
Debris by Running Water,” U.S. Geol. Surv. Prof. 
Paper 86 (1914), p. 16. Gilbert states that Hopkins 
formulated the law in these words: “The moving 
force of a current, estimated by the volume or 
weight of the masses of any proposed form which it 
is capable of moving, varies as the sixth power of 
the velocity.” 


> R. S. Tarr and Lawrence Martin, College Physi- 
ography (1918), p. 113; H. Ries and T. L. Watson, 
Elements of Engineering Geology (2d ed.; 1930), 
p. 131. 


The writers of still other texts* are com- 
pletely misled by the old statement and 
state that, if the velocity of a stream 
is doubled, it can carry sixty-four times 
as much as it carried before. The fact 
that professional geologists have been 
misled by the statement proves that it 
should never appear in textbooks. This 
is the same error that Gilbert’ objected 
to in 1914, although it does not appear 
to have been current in textbooks of that 
time. Nevertheless, as far as this writer 
can find, practically every writer who 
referred to the “power’”’ of transportation, 
found it necessary to explain what he 
meant by the term if he were to be clear- 
ly correct in meaning.° 

Several writers,’ presumably recog- 
nizing these confusions, have refrained 

4 A.W. Grabau, Textbook of Geology (1920), p. 40; 
Pirsson and Schuchert (rev. by others), Textbooks of 
Geology, Part I (3d ed.; 1929), p. 50. 

5 P. 16 of ftn. 2 (1914). 

6 Not all these explanations are beyond criticism; 
one author discusses velocity and transportation in 
such words as to make equivalents of force, power, 
and velocity. 

7R. T. Chamberlin and Paul MacClintock, 
Chamberlin and Salisbury’s Coilege Geology, Part I 
(2d ed.; 1933); Chamberlin and Salisbury, pp. 103-4 
of ftn. 1 (1904); W. H. Emmons, G. A. Thiel, C. R. 
Stauffer, and I. S. Allison, Geoiogy (2d ed.; 1939), 
p. 97. These authors cite relation between bottom 
velocities and the size of particles moved—i.e., com- 
petence. 





































from any quantitative ratio between 
velocity of the stream and the load it 
does or may carry. W. B. Scott® says: 
“The mechanical work of a river is.... 
dependent upon the velocity of the cur- 
rent, varying directly as the square of 
that velocity.”’ 

This statement may be applied to any 
part of a river’s work which depends up- 
on the locally effective velocity, because 
kinetic energy is equal to one-half the 
mass multiplied by the velocity squared 
—kinetic energy being the ability to per- 
form work. Inasmuch as a stream’s 
kinetic energy varies directly as the 
square of its effective velocity, its ability 
to move a load appears to have the same 
relation. This shifts the emphasis from 
the size of the largest particle moved 
(competence) to the total load carried, 
and it makes clear the basic reasoning. 
Similarly, Pirsson? stated: “The corra- 
sive power of a current varies as the 
square of the velocity, with equal size 
and distribution of particles,” thus re- 
lating power and energy (in this case im- 
. plied as the ability to do work of corra- 
sion) with velocity. 

Unfortunately, Gilbert’® defined ‘‘ca- 
pacity” in such terms that it is not pro- 
portional to either discharge, slope, or 
potential energy oi the stream and is not 
statable in terms of energy. Capacity, as 
defined, does not measure economy of 
energy but merely relative accomplish- 
ment in respect to any condition selected 
for comparison. Consequently, “‘capac- 
ity,” being a product of many other fac- 
tors besides the kinetic energy of the 
stream, does not necessarily vary accord- 
ing to the square of the velocity. On the 


8 An Introduction to Geology (2d ed.; 1927), p. 136. 


9 Introductory Geology (2d ed.; 1924), p. 40. Un- 
fortunately, Pirsson follows faulty reasoning, and 
his other conclusions noted below are not correct. 


10 P, 36 of ftn. 2 (1914). 
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other hand, the potential work of the 
stream, including potential load trans- 
portation, must vary according to the 
square of the theoretical velocity. 


CAPACITY AND COMPETENCE 


There is a common confusion in ter- 
minology and meaning between the “‘ca- 
pacity” and the “competence” of a 
stream. Gilbert" clearly distinguished 
between the two: The maximum load a 
stream can carry is its capacity; the 
size’ of the particles of debris a stream 
can move is a measure of its competence. 
Even very careful and authoritative 
writers fall into error, unless this critic 
himself is much mistaken. P. G. Wor- 
cester,'’ referring to the statement of 
Gilbert, states that 
the capacity of a stream to move its bed load 
varies with the 3.2 power to the 4.0 power of the 
velocity. Using the latter figure, it is equiva- 
lent to saying that if the velocity is doubled 
the stream’s power to move objects on the 
bottom is increased 16 times. This principle 
applies primarily to the size of the particles 
moved. .... 


This clearly is a case of confusion, be- 
“capacity” he 
> and the 


cause where Gilbert says 
does not mean ‘“‘competence,’ 
statement is applied by Worcester not 
to “capacity” but to “competence.” 
O. D. von Engeln" says: 

The transporting power of a stream for such 
tools is proportional to the sixth power of the 


.t $068... Dp. 35: 


'2 The size of a particle may be measured as the 
cross-sectional area upon which the current may 
impinge. It is assumed that the particle is equi- 
dimensional and that its volume is proportional to 
its diameter. In making comparisons it is assumed 
that the specific gravity of all particles is the same 
and that other factors, such as roughness of the 
particle and of the bed of the stream, are similarly 
constant. This note applies to every case where the 
term “size of particle” occurs in this paper. 


13 Textbook of Geomor phology (1939), pp. 164-65: 


'4 Geomorphology (1940), pp. 175-76. 
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current..... The derived power of corrasion 
is computed to vary as the square of the ve- 
locity. The indicated tremendous increase in 
corrasive power resulting from slight increases 
in velocity of flow is for geomorphology a rela- 
tion of first importance. 


Apparently, the foregoing statements 
are correct in intention, although literal- 
ly ambiguous. For ‘transporting power 
of a stream for such tools” we may write 
“transporting compeience of a stream for 
such tools.” This writer presumes that 
“corrasive power” in this connection 
means the power of a stream to corrade 
its bed by shifting its load downstream. 
Power is the rate at which work is done; 
in this case, work may be expressed as 
the movement of points of applied force 
against resistance. Evidently the work 
involved is overcoming friction, only a 
fraction of which is against the bed of 
the stream. Nevertheless, that fraction 
is presumed to vary according to the 
square of the effective velocity of the 
stream, simply because it is a form’ of 
work. It may be noted that effective 
velocity refers to the velocity of the 
stream responsible for the energy appli- 
cable and that in these arguments the 
potential energy of each unit of a stream’s 
load is neglected, although in all cases it 
is real and, on steep stream beds, where 
boulders roll along, it must be appreciable. 
However, the present writer infers that 
von Engeln had in mind transporting 
competence (proportional to V°) rather 
than “corrasive power’ (proportional 
to V??) when he wrote the last sentence 
quoted; if so, he fell into the same old 
confusion between competence and ca- 
pacity. Actually, neither competence 
nor capacity, by definition, involves 
power, the rate at which work may be 
done; of the two, only capacity involves 
energy, the ability to do work. However, 
the geomorphologist is usually interested 
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in power, the rate at which geological 
work—that of corrasion, for instance 
is done. Of course, capacity may be quali- 
fied by a time factor, but competence 
applies only to the maximum size of the 
particie moved and not at all to the speed 
at which it is shifted. 

Other related errors are attributed to 
R. F. Flint,"* who writes: 





Because friction between water and channel 
slows a stream down, velocity is greatest in 
channels with the smallest area in proportion to 
the volume of water. Déep narrow channels 
therefore give greater stream velocity than 
broad shallow ones. 


Both sentences need correction. Obvi- 
ously, streams flow fastest in the most 
constricted channels, which are the 
“‘bottlenecks’”’; but that is not the result 


sR. F. Flint, C. R. Longwell, and Adolph 
Knopf, Outlines of Physical Geology (1934), p. 37. 

The second edition of the foregoing work, dated 
1941, has a greatly condensed treatment of the 
same topic. However, it is still subject to criticism. 
P. 71 states: “Under ideal conditions, doubling 
the velocity may (1) increase abrasive power about 
4 times; (2) increase the capacity to transport rock 
fragments of a given size by as much as 32 times; 
or (3) increase the volume of the largest piece of 
rock the stream can push along its bed by as much 
as 64 times.”’ Items (1) and (3) may pass, but item 
(2) has no significance. Suppose we consider the 
size of fragment for which the stream is competent 
at any velocity. The load of that size moved is very 
small. Now let the velocity be doubled. The quan- 
tity of fragments of the same size now transported 
is very great, certainly 32 times as great as before 
and probably much more. Suppose we choose a 
piece larger than could be moved at the first velocity. 
The amount carried first is zero; as soon as the ve- 
locity becomes competent to move any pieces of 
that size, the increase in transportation becomes 
infinite. If, on the other hand, we choose small ma- 
terial for which the stream in the first case is fully 
competent, then doubling the velocity of the stream 
will not increase the load of that small size very 
greatly. Of course, it is possible also to choose a 
size beyond the competence of the stream at either 
velocity. In general, there must always be a size 
for which the increase is as V5, as stated above; but 
for all other sizes the increase varies as between V * 
and zero. Consequently, the statement, item (2) 
above, is misleading and ought to be clarified or 
left out. 
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of low friction. It is not necessarily true 
that deep, narrow channels promote 
greater stream velocity; it depends upon 
how deep and how narrow they are in 
proportion to the cross-sectional area of 
the stream. The point depends upon the 
“hydraulic radius,” the ratio of cross- 
sectional area to length of wetted per- 
imeter. Under “laws of erosive power,” 
transporting ‘power’ is made equiva- 
lent to competence; and that is evaluated 
in the following words: ‘“The maximum 
diameter of the individual rock frag- 
ments a stream can move varies as the 
square of the velocity.”’ This is equiva- 
lent to saying that the competence varies 
as the sixth power of the effective veloc- 
ity, which is accepted as correct. How- 
ever, the author continues: “The abra- 
sive power is said to vary between the 
square and the sixth power of the veloc- 
ity.” This appears to be a repetition of a 
statement by Pirsson’ based upon a 
simple error in argument. He assumes 
that, inasmuch as the maximum size of 
a particle which can be moved varies as 
the sixth power of the velocity, the mo- 
mentum attained by such a particle also 
varies in the same ratio. This is not the 
case. Momentum is mass multiplied by 
velocity. The velocity of the maximum 
moving mass barely exceeds zero; and, 
of course, the product of such a velocity 
with any mass is small. Never, under 
otherwise constant conditions, do the 
largest particles move on the bottom as 
fast as the stream which moves them. 

The meaning implied in the expres- 
sion “abrasive power” is not clear, but 
it is interpreted as an expression for the 
ability of a stream to corrade its bed. It 
is assumed that each moving particle 
scraping the bed of a stream corrades in 

16 Pirsson, pp. 41-44 of ftn. 9 (1924). The writer 


thanks Dr. M. King Hubbert for the note that Pirs- 
son in this point follows Joseph LeConte. 
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proportion to the product of its mass and 
its velocity. It is also assumed that the 
bed is not protected from abrasion by a 
sheet of sediment and that the load avail- 
able is the maximum load which can be 
carried by the stream. The size of the 
largest particle which can be moved, 
of course, is a measure of the competence 
of the stream; but there is no indication 
as to the speed at which it may be moved. 
The term ‘abrasive power” seems to 
lack both definition and probable use- 
fulness. 

The relative competence of a stream 
from place to place is indicated by varia- 
tion in size of the pieces transported in 
different parts of its course. A table 
showing such behavior of the Mur River 
is presented by the Minnesota group" 
as a quantitative illustration of the fact 
that the diameter of the particles in a 
stream’s load becomes smaller by corra- 
sion during transportation. Perhaps the 
table may be regarded better as an il- 
lustration of the sorting effect of a stream. 
Pieces too large for the competence of 
the local current must be left behind. 
The significance of competence in gen- 
eral appears to deserve more specific 
recognition. 

W. H. Twenhofel'® follows Gilbert in 
distinguishing clearly between compe- 
tence and capacity but states that ‘the 
ratio of capacity to velocity increase 
ranges between the 3.2 and the 4th 
power of the increase.’ The present 
writer has not located the authority for 
this statement. Thereafter Twenhofel 
quotes Gilbert (p. 11) to the effect that 
capacity varies as between the 3.2 and 
4.0 power of the velocity with proper 
modifications. Apparently, these figures 
have been or are about to be accepted by 

17 Emmons, Thiel, Stauffer, and Allison, p. 98 
of ftn. 7 (1939). 


'8 Principles of Sedimentation (1939), p. 193. 
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students of sedimentation, judged by 
other references quoted, although Gil- 
bert’? himself warned that “they do not 
permit an estimate of a river’s capacity 
to be based on the determined capacities 
of laboratory streams.” 

It is understood that a natural stream 
applies a relatively small portion of its 
available energy to load transportation. 
Computations based on the behavior of 
the Mississippi River at Columbus, Ken- 
tucky, following formulas by Captain 
\. A. Humphreys and Lieutenant H. L. 
Abbot,” show that the actual velocity of 
the river at that location is go per cent of 
the theoretical velocity, on the assump- 
tion of no obstructions to free flow. Ap- 


parently friction, owing to ‘bends and 
changes in cross-sectional areas and 
shapes and because of the load, dis- 


sipated enough energy so that the veloc- 
ity was reduced by 10 per cent. Only 
part of that computed reduction may be 
harged to frictional resistance of load 
transportation, so that only a small part 
—much less than to per cent of the kinet- 
ic energy of the stream—is applied to 
carrying the load. In cases of shallow, 
turbulent, and heavily loaded streams, 
f course, a larger proportion of the total 
aailable energy would be used up in 
shifting the load. Nevertheless, whatever 
work a stream does must reduce to that 
extent its remaining energy and, accord- 
ingly, its effective velocity. Consequent- 
ly, the actual effective energy of a stream 
carrying a load may be expressed in 
terms of V—x, in which V equals the 
velocity of free flow unimpeded by any 
load, if all other losses of energy may be 


’ P. 16 of ftn. 2 (1914). 


“Report upon the Physics and Hydraulics of 
the Mississippi River,” Corps of Engineers, U.S. 
{rmy, Prof. Papers (Washington, 1876), data on 
PP. 605 and 335; formula (41), p. 332. Computed 
tlocity is 7.6 ft./sec; measured mean velocity was 
p.9 ft. Sec. 
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disregarded in this connection, and x 
represents the reduction of velocity due 
to the load.” If the load carried is very 
large, as in the case of a shallow stream 
supplied with abundance of load smaller 
in size than the maximum for which the 
stream is competent, then the factor x 
must be relatively large. In such a case, 
capacity (C) may vary as (V — x), 
whereas it varies to a degree less than V?. 
In large, deep streams the factor x is 
relatively small, and then capacity varies 
almost as V?. In small streams, in labora- 
tory troughs, and in miners’ sluices, both 
the frictional drag and the energy con- 
sumed by load transportation are large 
and become highly significant, reducing 
sharply the actual velocity of the loaded 
stream, as any placer miner knows. Con- 
sequently, the load carried varies accord- 
ing to a much higher power of the meas- 
ured velocity. In each case the kinetic 
energy of the stream depends upon V’, 
that is, the velocity of free flow unim- 
peded by any load. The more efficient 
the stream as a transportation agent, the 
greater is the factor x; also the lower the 
value of V — x and the higher the syn- 
thetic exponent of (V — x) which must 
be applied to relate “velocity” to capac- 
ity. Evidently, it is the factor (V — x) 

which is recorded as the measured mean 
velocity in streams. Consequently, the 
measured velocity of a loaded stream is 
never great enough to be strictly pro- 

21 Similarly, Humphreys and Abbot (ibid., p. 

337) note that in natural channels ‘‘a certain part 

of the actual slope is consumed in overcoming the 

resistances opposed by the inequalities of cross- 

section.” They deduce further: “A river 
formula, when applied to observations made upon 

water flowing with perfect uniformity, ought to give 

too small a mean velocity.”’ It appears to follow 

that such a formula, applied to a shallow, turbulent 

loaded stream, would give a velocity far in excess 

of the actual mean velocity. In other words, meas- 

ured mean velocity in a natural stream is always 


correct 


less than the theoretical velocity because of the 
obstructions to free flow. 
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portional to the square root of the kinet- 
ic energy, (V = V E/3m), and only un- 
der special conditions may it approach 
such a value; in many cases it may be so 
small as to be proportional to the third 
or fourth root of the kinetic energy, or 
even much smaller. An extreme case is 
the complete loss of velocity at the end 
of intermittent desert streams, usually 
attributed to loss of volume, decrease in 
gradient and hydraulic radius, and exces- 
sive overloading. 

The energy effective in moving a load, 
of course, is kinetic; and this energy 
varies as the square of the velocity. The 
greatest velocity attainable under nat- 
ural conditions is that of free fall; any- 
thing less involves a loss in energy. Any- 
thing which promotes free-flow velocity 
of a stream increases its capacity to do 
work; and “each element of load, by 
drawing on the supply of energy, reduces 
velocity.”? Consequently, the measured 
mean velocity of a loaded stream may 
bear no definite relation to the effective 
velocity which may be computed for that 
stream, and it may bear no predictable 
relation to either the capacity or the 
competence of the stream. Gilbert said 
that ‘capacity for transportation is not 
statable in units of energy,” and conse- 
quently there seems no logical analysis 
by which it can be estimated. 

The whole attempt to relate capacity 
(as defined by Gilbert) to the measured 
velocity of a stream or to the discharge 
of a trough is fraught with frustrations. 
In the first place, the velocity measured 
represents not the working energy but 
the wasted energy. It is like measuring 
the velocity of the waste waters below a 
turbine to compute the water power of 
the whole installation. It is putting the 
cart before the horse. 


22 Gilbert, p. 11 of ftn. 2 (1914). 
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FORMULAS APPLICABLE TO VELOCITY, 
CAPACITY, AND COMPETENCE 


The safest and sanest formula for 
teachers of geology to apply to the be- 
havior of a stream relates to the varia. 
tion in velocity, upon which all work de- 
pends. This is the classic old Chezy for- 
mula,? V = BWrs, in which V equals 
velocity of the unencumbered stream, B 
is a constant, 7 is the hydraulic radius, 
and s is the slope. Obviously, velocity 
cannot vary without a change in other 
factors, all of which influence transporta- 
tion. For the sake of analysis, we have as- 
sumed the possibility of variations in ve- 
locity, with all other factors being con- 
stant, contrary to actual conditions. 

Actual conditions, free from wide vari- 
ations in factors other than velocity, 
gave rise to the formula of C. Lechalas,” 
based upon sand movements in French 
rivers with sandy bottoms, the capacity 
of which varied as the square of the mean 
velocity with two empirical constants, 
both of which depended upon local cond- 
tions, 

C = K(V2.—k). 
For competence we have available the 
formula of John S. Owens,”> derived from 
particles shifted by tidal currents, under 
particular, local (and rather restricted 
natural conditions, 

p = 2259 

G-I 


P's 


where D is the diameter of the pebbles in 
feet, G the density of the pebbles, and! 


23 Hydraulic engineers much prefer Manning’, 
formula. It states that ' 


1.486 _ 
= — r2/3 51/2 ‘ d 


in which V, 7, and s are used as above and » is4 ! 
roughness factor. 
, 


V 
24 “Note sur les riviéres 4 fond de sable,” quoted d 


by Gilbert, p. 195 of ftn. 2 (1914). ti 
25 Quoted by Gilbert, ibid., p. 163. 
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the speed of the current in feet per sec- 
ond. By choosing rock with specific grav- 
ity of about 2.8 and expressing th: di- 
ameter (d) of the pebbles in inches, we 
may greatly simplify the formula by 
writing 
d = 0.04V?. 

This indicates that the diameter of the 
pieces rolled varied as the square of the 
velocity and that the volume of the 
pieces varied roughly as the sixth power 
of the measured velocity. This appears 
to confirm the usually accepted state- 
ment, unless the measured velocity in 
this case was actually close to the effec- 
tive velocity. Actually, the latter was the 
case because the load moved was small, 
in proportion to the discharge, and be- 
cause the range in velocity changes was 
not large. In discussing his own experi- 
ments it was recognized by Gilbert” that 
the effective velocity must be the bottom 
velocity, which he found so difficult to 
measure that he had to compromise by 
taking the so-called ‘‘mean”’ velocity. 
Practically, the effective velocity cannot 
be measured directly. 

It would be convenient, if it were pos- 
sible logically, to relate the capacity and 
the competence of a stream merely to its 
measured velocity; but the measured 
velocity is not the effective velocity and 
bears no simple relation to it. Quantita- 
tive experiments in flumes must be so 
tigidly controlled that they bear little 
direct application to natural streams. 
Since the slope and hydraulic radius of a 
stream vary from place to place along 
the course at any time and since the hy- 
draulic radius and slope change at any 
place from time to time with changes in 
volume, it is the control by slope and hy- 
draulic radius which gives us a quantita- 
tive value for the effective velocity. 


* Thid., p. 10. 
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These are factors which are measured in 
hydrographic surveys and are available 
to students of stream action. One is able, 
therefore, in any special case to relate 
measured velocity with the computed 
value of free-flow velocity and to observe 
the amount of load and the maximum 
size of particles shifted, as Lechalas and 
Owens, quoted above, have done. But 
observations of current velocity alone 
cannot be applied properly to any form 
of stream behavior without regard 
to other controlling factors—especially 
quantity and fineness of load moved, 
slope, and hydraulic radius, which al- 
ways change in natural streams when 
velocity changes. To overemphasize the 
implications of measured velocity is 
grossly misleading. 


CONCLUSION 
The writer notes that many authors 


have confused competence and capacity 
of streams; some have been completely 


misled as to the relations of capacity and 
competence with stream velocity; and 


others are applying incorrectly to stream 
flow the empirical formulas based upon 
flume experiments. 

It is thought that the velocity of free 
flow in a stream ought to be distin- 
guished consistently from the residual 
velocity of a stream which has already 
used much of its energy in geological 
work. Empirical formulas based upon 
waste discharge or waste-water velocities 
in flume experiments should not be ap- 
plied without specific reservations to the 
behavior of natural streams. It is recom- 
mended that velocity be discussed in 
geology textbooks according to Chezy’s 
formula, with due emphasis upon the 
effects of loading, slope, and hydraulic 
radius of the stream. 

It is suggested that ‘“competence”’ 
should be defined in terms of force. Com- 
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petence may be related to the sixth pow- 
er of the effective velocity; and in 
streams whose discharge is large in pro- 
portion to the load carried, competence 
varies very nearly as the sixth power of 
the measured velocity. 

“Capacity,” as defined and consist- 
ently treated by Gilbert, varies widely in 
reference to measured mean velocity be- 
cause of concurrent changes in slope, hy- 
draulic radius, and quantity of load car- 
ried; and it is not statable in terms of 
energy. Consequently, it is suggested 
that “‘capacity,”’ as so defined, be omit- 
ted from textbooks of general geology 
and that the potential energy of a na- 
tural stream be described in terms of 
mass and effective velocity. Similarly, 
one may refer to the potential power of a 
stream which may be applied to geologi- 
cal processes, leading on to the actual 
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power which might be generated by 
suitable ‘“‘harnessing” of the stream’s 
potential energy. 
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STYLOLITES WITH FILMS OF COAL 


PARIS B. STOCKDALE 


University of Tennessee, Knoxville 


ABSTRACT 


Recently discovered stylolites in quartzite, associated with thin films of coal, reveal significant evidence 
bearing upon the theory of origin. The relationships between the stylolite-seams with the coal partings and 
the sedimentary structures of the bedrock give conclusive support to the solution (secondary) theory of ori- 


gin, as opposed by the pressure (primary) theory. 
INTRODUCTION 

The rare occurrence of stylolites in 
rocks other than such carbonate types as 
limestone, dolomite, and marble has 
been recognized for several years.’ A 
recent discovery of a type of stylolite 
heretofore undescribed deserves brief 
mention noi only because of its peculiari- 
ty but because of its bearing on the mode 
of origin of stylolitic phenomena. 

The stylolites under consideration 
were observed in a 2-inch drill 
taken from quartzitic sandstone of Potts- 
ville age (probably the Gizzard forma- 
tion) on Lookout Mountain, near Men- 
tone, DeKalb County, Alabama.’ The 
stylolites are peculiar because of the thin, 
black, coal films associated with them, as 
well as because of their occurrence in 
quartzitic sandstone. They are signifi- 
cant because of their structural relations, 
which contribute evidence in support of 
the solution theory of origin. 


core 


OCCURRENCE AND DESCRIPTION 
The rock is a light-gray, medium- 
grained, very hard, compact quartizitic 


tW. A. Tarr, “Stylolites in Quartzite,” Science, 
Vol. XLIII (1916), pp. 819-20; Paul H. Price, 
“Stylolites in Sandstone,” Jour. Geol., Vol. XLII 
(1934), pp. 188-92; Paris B. Stockdale, “Rare 
Stylolites,” Amer. Jour. Sci., Vol. XXXII (s5thser., 
1930), pp. 129-33. 

? United States Bureau of Mines, Project 810, 
“Low-Volatile Coking Coal on Lookout Mountain,” 
Don M. Coulter, project engineer; under the direc- 
tion of Richard W. Smith, district engineer of the 
Fifth District, Eastern Region. 





sandstone. It is virtually a quartzite. 
Stylolites were previously reported from 
similar rock of approximately the same 
age along the Cumberland 
Escarpment in eastern Tennessee.* The 
latter, however, did not carry coal films. 
The rock of the drill core under study 
contains, in addition to the quartz which 
predominates, scattered miniature 
chunks and flakes of coal. The thin films 
of coal sharply demarcate the stylolite- 
seams. The coal is highly metamorphosed, 
is of very low volatility, and does not ig- 
nite freely. No true graphite, however, 
was observed. 


geologic 


The rock is laminated rather distinct- 
ly. This feature is accentuated by the 
occasional concentration of carbonaceous 
material, giving rise to darker streaks, 
alternating with the lighter ones. The 
laminae lie at an angle of 25° from the 
plane perpendicular to the axis of the 
drill core, suggesting a 25° angle of dip of 
the strata. 

The stylolites are small. Individual 
columns range from almost microscopic 
size to not over } inch in length. Some of 
the columns have nearly parallel sides 
and blunt, rounded ends. Miniature 
striations occur on some of the sides. 
Dominantly, however, the stylolites are 
tapered and pointed—the Drucksuturen 
type of the German writers (see Figs. 1 
and 2). 


3 Stockdale, pp. 130-31 of ftn. 1 (1936). 
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Fic. 1.—Sketch of a stylolite-seam showing the coal parting and the variations in the size and shape of 
individual stylolite columns. 














=O 


Y/2 1 inch 





Fic. 2.—Sketch of two small stylolite-seams showing their structural relationships with the original, 
diagonal lamination of the bedrock. 
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The coal films associated with the 
stylolite-seams are the significant feature. 
Although thin in actual measure, the 
coal films are comparatively thick in 
relation to the length of the interpene- 
trating stylolite columns (Fig. 1). Sty- 
lolite surfaces which are revealed by 
separating the rock along stylolite-seams 
are rough and pitted. They are typical 
solution surfaces. The incrusting coal 
films can be readily scraped off and ex- 
amined. 


STRUCTURAL RELATIONSHIPS AND 
THEIR BEARING ON THE ORIGIN 
OF THE STYLOLITES 


Stylolite-seams in the drill core of this 
study have a position which was approxi- 
mately horizontal in the bedrock, cutting 
through and across the inclined laminae 
at an angle of approximately 25°. They 
do not follow lamination planes. They 
were developed along transverse frac- 
tures across the tilted bedding. The as- 
sociated coal films, too, cut through and 
across the original sedimentary layers 
(Fig. 2). 

Obviously, such a structural relation- 
ship has a significant bearing on the time 
and mode of origin of the stylolites. In- 
stead of being developed as primary 
structures along normal planes of sedi- 
mentation at or near the time of deposi- 
tion of the original sediment (sand), the 
stylolite-seams came into being as sec- 
ondary features subsequent to the origin- 
al deposition and compaction of the sedi- 
ment. They were developed along frac- 
ture-partings which originated at a time 
not only later than the original consolida- 
tion of the sediment into sandstone but 
even later than the metamorphism into 
the quartzite. Thus there is revealed an- 
other finding to be added to the already 
existing preponderance of evidence in 
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support of the belief that stylolites are of 
secondary origin, as held by the solution 
theory.‘ 

The solution theory contends that the 
stylolites result from differential chemi- 
cal solution in hardened rock, under some 
pressure, on the two sides of a parting of 
some sort (such as a bedding plane, lami- 
nation plane, suture, or crevice), the in- 
dividual portions of the one side fitting 
into the dissolved-out parts of the op- 
posite, the interfitting taking place slow- 
ly and gradually as solution continues. 
According to this idea, stylolites are 
a strictly secondary phenomenon, de- 
veloped after consolidation and harden- 
ing of rock material—a feature that may 
be in the making in bedrock today under 
proper conditions. The films of coal as- 
sociated with the stylolites are a residual 
concentrate—the insoluble constituents 
left from the dissolving of the stone. The 
originally disseminated bits of car- 
bonaceous material became concentrated 
along the fracture where solution oc- 
curred. 

It is true that most stylolites, and 
particularly large stylolites, are found in 
carbonate rocks, such as limestone, dolo- 
mite, and marble. These are the types in 
which one would expect most frequent 
and abundant solution by circulating 
ground waters. However, the occurrence 
of stylolites in rocks other than those 
which are readily soluble, such as quartz- 
ite, does not disprove the solution 
theory. One must bear in mind the fact 
that instances of such are comparatively 
rare and that the structures are compara- 
tively small and are not strongly de- 
veloped. Although solution of quartz in 
normal ground waters may be impercep- 


‘Stockdale, “Stylolites: Their Nature and 


Origin,” Ind. Univ. Study No. 55 (1922), pp. 1-973 
“Stylolites: Primary or Secondary?” Jour. Sed. Pet., 
Vol. XIII (1943), pp. 3-12. 
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tible, as measured by laboratory experi- 
ments and observations covering but 
few years of time, dissolving which has 
gone on through the vast time allowed by 
geology should occasionally be discern- 
ible. That even quartz is slightly soluble 
is recognized by present-day chemists. 

By supporting the idea of secondary 
origin of stylolites, the structural rela- 
tionships described above preclude the 


PARIS B. STOCKDALE 


notion of primary origin, as contended 
by proponents of the “pressure” theory, 
According to the latter theory, stylolites 
originate while sediments are in an un- 
consolidated state, due to differential 
pressure and compaction. The theory 
fails to explain such a phenomenon as the 
coal films described above, which lie ina 
position which could not possibly have 
been one of original sedimentation. 
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SOLUTION OF LIMESTONE BENEATH HALES BAR DAM 


JOHN W. FRINK 


Tennessee Valiey Authority, Chattanooga, Tennessee 


The purpose of this paper is t» point 
out an example of rapid solution of lime- 
stone in the foundation of Hales Bar 
Dam, built on the Tennessee River in 
1905-13 by a private power company. 
The foundation consists of nearly flat- 
lying, massive Bangor limestone (Mis- 
sissippian), averaging better than 95 
per cent calcium carbonate. The cavern- 
ous and weathered condition of the rock 
caused considerable trouble in securing 
the foundation at the time of construc- 
tion and resulted in water passing be- 
neath the dam as soon as the reservoir 
was filled. Various programs designed 
to stop this leakage were attempted dur- 
ing the 26 years between completion of 
the structure and its acquisition by 
the Tennessee Valley Authority. Al- 
though the total cost of these programs 
amounted to million 
none was successful. 


several dollars, 

In 1940 the Authority started a pro- 
gram of grouting, combined with a cut- 
off wall to stop the leakage under the 
dam. All visible signs of leakage from 
the thirteen boils in the tail water have 
now been eliminated, and the project is 
virtually completed. The cutoff wall was 
made by drilling 18-inch diameter holes 
through the rock along the upstream 
lace of the dam. First, a row of holes, 
spaced on 2-foot centers, was drilled, 
lined with asbestos-cement pipe, and 
filled with concrete. Interconnecting 
holes were then drilled slightly upstream, 
biting into the adjacent, concrete-filled 
holes. When the latter holes were lined 





and concreted, a continuous cutoff wall 
resulted (Fig. 1). 
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Fic. 1.—Plan of 18-inch holes (after Schmidt) 
In one part of the foundation three of 
the secondary or intersecting holes were 


tL. A. Schmidt, Jr., “Flowing Water in Under 


ground Channels, Hales Bar Dam, Tennessee,” 
Proc. Amer. Soc. Civil Engineers, Vol. LX XIX, No. 


9 (1943), Pp. 1417-40. 








Fic. 2. 
by solution. 





Same sample as Fig. 2, showing curva- 


FIG. 3. 
ture of cut surface. 


Core from secondary 18-inch hole, showing surface cut by a primary hole and later reduced 




















drilled more than a year after the pri- 
mary holes. When the core which was re- 
covered in the former holes was studied, 
it was noticed that the rock surface 
which had been cut by the drilling of 
the primary holes was pitted and in 
places reduced by solution as much as 
0.1-0.13 inch (Figs. 2 and 3). Solution 
in all cases occurred below a cavity from 
t to 3 feet thick, about 60 feet beneath 
the surface. Moderate velocity was ob- 
served in this cavity, indicating active 
circulation, which brought quantities of 
water in contact with the rock surface. 

The amount of reduction was deter- 
mined in the following manner: when 4 
wooden template, cut to fit the outside 
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diameter of an 18-inch hole, was placed 
on the curved surface of the core, it was 
found that the smooth area in the lower 
left of Figure 2 had not been reduced at 
all and that the shale parting forming 
the ridge in the center was not reduced 
appreciably. The depth from this ridge 
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time. In comparing the two rates, one 
must consider the following: 

1. The Bangor limestone at Hales 
Bar, one of the most soluble limestones 
in this region, is considerably more solu- 
ble than the Nolichucky limestone bould- 
ers at Watts Bar. 


TABLE 1 


SOLUTION OF LIMESTONE IN 18-INCH CORES 


Dat Hole Det 

- ate ate 
le N > J 

Hole Number Drilled Inter Drilled 

sected 

C 408 9-23-42 | C422 | 6-30-41 
C 492A 10-24-42 | C429 | 9-10-41 
C 499 11-12-42 | C 422 6-30-41 


to the flanking pits proved to be a maxi- 
mum of o.13 inch, but o.1 inch is the 
more general rule. 

Portland P. Fox? has demonstrated 
solution of boulders in the Tennessee 
River at Watts Bar Dam to amount to 
0.5 inch in 25 years. In comparison, the 
rock at Hales Bar would be reduced 
about 2.5 inches in the same length of 

?“Rate of Solution of Some Limestone Boulders 
in the Tennessee River,” Tenn. Acad. Sci., 
Vol. XVI, No. 4 (1941), pp. 333-35: 


Jour. 


Interval 
in Solution 
Months 
15 o.1-0.13-inch reduction of lime 
stone; shale partings not re 


duced 

13 Slightly pitted; no reduction 
aside from pits 

17 Surface pitted; reduction slight 


2. The boulders described by Fox 
were above water-level during the low- 
water stages of the river. Thus they were 
free from solvent action a part of each 
year. 

The rate of solution described here is 
not comparable to that under normal 
ground-water conditions, but it indicates 
the rate of solution of a very soluble 
limestone under conditions of free water 
circulation. 
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Index Fossils of North America. By H. W. 
SHIMER and R. R. SHrock. New York: John 
Wiley & Sons, Inc., 1944. Pp. 837; pls. 303; 
figs. 5. $20. 

The authors state the primary purpose of 
Index Fossils of North America to be “to de- 
scribe and illustrate as many as possible of 
those fossils which can be used to identify and 
date formations and +t» correlate them from 
one area to another.”’ To this end, genera which 
have a short vertical range and a wide geo- 
graphical distribution have been considered to 
be most important, but genera which have 
been reported from localities distant from each 
other have been included because they must 
eventually be found in intermediate positions; 
genera with long vertical ranges are included 
because they are common; recently described 
genera and species which may prove useful 
are cited; and some genera are included ‘‘mere- 
ly to round out the general picture of inverte- 
brate fossils.” Thus it can be seen that this 
book contains much more material than one 
would expect from its title. 

Index fossils, as considered by Shimer and 
Shrock, consist of genera, form genera, species, 
form species, and varieties. A form genus in 
this work includes (1) “a series of related 
genera which have resulted from the splitting 
up of an old familiar genus,” (2) ‘‘a complex of 
genera which are known to be distinct but 
which have not as yet been named because all 
have the same general habit,”’ and (3) ‘‘the re- 
sidium after a genus has been partly revised.” 
It should be noted that the authors do not 
expect paleontologists to make rapid and final 
identifications of material merely by thumbing 
through this book, for they state: “Judicial 
use of the illustrations should help the paleon- 
tological investigator toward identifying and 
dating his fossils; but if precise determinations 
are required, an adequate library will be neces- 
sary and the present work can then only serve 
as a guide for further research.” 

The principal portion of the book is ar- 
ranged in the usual taxonomic order by phyla. 
A concise discussion of the morphology of each 
class or other large taxonomic group precedes 
the discussion of the genera and species; along 
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with this discussion is a general list of the more 
appropriate references, carried as a long foot- 
note. In general, genera are arranged in taxo- 
nomic order, but species are usually arranged 
in reverse stratigraphic order. Common generic 
synonyms may be cited, and synonyms of 
species occasionally are cited. A typical reference 
to a genus and its species takes the following 
form. The recognized generic name with its 
author and date of proposal is given a center 
heading in capitals and may be followed by 
citations of common synonyms in parentheses, 
The name of the genotype as originally pro- 
posed, in italics, and marked by an asterisk, 
together with its author’s name and the plate 
and figure numbers (if illustrated in this book), 
all set in parentheses, begins a paragraph of 
generic characters in telegraphic style. At the 
end of the paragraph is the geologic age of the 
fossil in bold-face type, and the localities, 
generally by states, in light-face type. Each 
species cited starts a new line below the above 
paragraph, with the binominal in bold-face type 
and the name of the author in light-face type, 
followed by the plate and figure numbers in 
parentheses. Any distinguishing features are 
next noted, and the age and geographic distri- 
bution are given as with the genus. FPiate 
designations throughout are in bold-face type, 
separated from the figure numbers in light 
face type by a dash. 

As most paleontologists already realize, the 
authors have received extensive co-operation 
from their colleagues in the science, all of 
which has been scrupulously acknowledged 
Some sections were prepared in toto by other 
authors, and some sections were revised b) 
other authors. 

Perhaps the best way to appreciate the 
wide coverage of the book is to examine the 
work quantitatively. The following figures in 
Table 1 were arrived at by one count of th 
species, genera, and figured species; actuall) 
the total figure here given is somewhat les 
than the actual figure because genotype species 
were not counted unless they were listed als 
as index fossils. Names in the column to the 
left are those in common use among paleon- 
tologists, rather than of each major taxonomic 
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group in the text, because it seems that a 
clearer idea of coverage can be obtained by 
referring to well-known groups. Separate phyla 
with subtotals are shown in order to condense 
the gross relationships. The first column shows 
the number of genera listed, the second shows 
“species” as counted, and the third shows rela- 
tive proportion of species in each phylum or 
major group. 

It can be seen that the greatest prominence 
is given to gastropods, brachiopods, crinoids, 
pelecypods, trilobites, cephalopods, ostracodes, 
and corals, in that order, each of which has 
more than two hundred species listed. 

Practically every species mentioned in the 
text is illustrated, there being 4,543 species 
figured by the writer’s count. There are said 
to be over 9,400 illustrations, in which case 
there is an average of two figures for every 
species. In order to accomplish this profuse 
illustration, the 303 plates are filled almost 
to the trimming edge with figures, and the 
general plan affords a plate facing nearly every 
page of text. The plates are quite pleasing in 
appearance and are remarkably uniform in 
tone, considering the number of different 
sources of figures. Plate explanations are set in 
very smiall type at the bottom of each page 
opposite a plate, and the binominals are set in 
bold-face type to facilitate locating them in 
this small type. 

Some genera are represented only by the 
genotvpe and a large number are represented 
by only one other species. On the other hand, 
according to the index, 58 genera are repre- 
sented by more than 10 species each, and 18 
genera are represented by more than 15 species 
each. These latter are: Ammonites, Arabellites, 
Atrypa, Bellerephon, Cardium, Chonetes, Goni- 
ites, Hvyolithes, Nautilus, Nucula, Orthis, 
Orthoceras, Ostraea, Pecten, Pentremites, S piri- 
fer, Straparolus, and Turritella. Of these, Pecten 
has 44 species listed under it, Ammonites 37, 
Orthis 33, and Ostraea 30. 

In a work of this magnitude, which has not 
only taken years to compile but has involved 
the efforts of numerous collaborators, it is to be 
expected that inconsistencies will be present; 
therefore, one is not surprised to find variations 
in the style and makeup of the groups. One 
inconsistency that affects the use of the book 
is the variation in listing of species, which are 
generally placed on separate lines after the 
generic diagnoses, but here and there occupy 
entire paragraphs and are less easy to scan 


REVIEWS 


TABLE 1 


" No. of No. of 
Group 
Genera Species 
Protozoa : 126 207 
silicoflagellates 8 8 
foraminifers 98 156 
fusulinids 10 33 
radiolarians 10 10 
Porifera 37 52 
sponges 37 52 
Coelenterata 165 349 
stromatopor 
roids 13 23 
graptolites 31 84 
conularids 4 9 
corals 117 233 
Echinodermata 330 704 
cystoids 22 27 
edrioasteroids II 13 
blastoids II 29 
crinoids 242 549 
stelleroids 11 II 
echinoids 36 690 
holothurians 3 6 
Vermes 15 92 
worms 15 92 
72 88 
? conodonts 72 88 
Bryozoa 135 193 
bryozoans 135 193 
Brachiopoda 305 578 
brachiopods 305 578 
Mollusca 734 1,550 
pelecypods 187 511 
gastropods 279 663 
pteropods 4 4 
scaphopods 2 17 
chitons 7 5 
cephalopods 247 319 
other molluscs 8 28 
Arthropoda 420 753 
agnostids 13 15 
trilobites 219 352 
ostracodes 124 293 
other arthro 
pods 64 93 
Plantae 14 17 
charaphytes 8 9 
algae 6 8 
Probable organ- 
isms 6 6 7 7 
Total 2,305 4,590 
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than when listed normally. Another is the 
frequent omission of differentiating characters 
among species of a genus. Apparently it was 
felt that the illustrations would serve the same 
purpose, but not all species listed are illustrated. 
As a matter of fact, many species are figured 
but occur in the text without discussion, and a 
few figured species are not mentioned in the 
text at all. Finally, most groups are arranged 
in biologic order, but some groups are ar- 
ranged in stratigraphic order because special- 
ists were interested in fossils of certain ages, 
and other groups are arranged in alphabetical 
order because the existing taxonomy of higher 
orders was considered to be unsatisfactory. 
Those who are expecting this book to be 
merely a revision of North American Index 
Fossils will be surprised, for there is little to 
remind one of the earlier work. Text material 
has been enormously increased and the length 
of descriptiois shortened accordingly. Illus- 
trations are iikewise more numerous and are 
contained on plates rather than being distri- 
buted as line cuts in the text. Finally, there is 
no section devoted to stratigraphy. 
Index Fossils of North America is sure to be 
a welcome handbook for paleontologists, for it 
far exceeds one’s reasonable expectations. For 
some reason, paleontologists have been loath 
to cite names in synonymies from the earlier 
work by Grabau and Shimer, but this dutv 
scarcely can be escaped now, for not only is 
the volume replete with new binominal combi- 
nations but new names are introduced here and 
there. This book will not only be widely used 
by laboratory paleontologists, as well as field 
stratigraphers, but is admirably suited to the 
needs of teachers of advanced paleontology. 
The authors have produced a truly monu- 
mental work that should be on every paleon- 
tologist’s bookshelf. 
WitiiAM H. EASTON 


Lake and Rastall’s Textbook of Geology. Re- 
vised by R. H. Rastati. London: Edward 
Arnold & Co., 1941 (reprinted, 1943). Pp. 
vili+491; pls. 32; figs. 128. 25s. 


Dr. Rastall’s revision of the text of the well- 
known “Lake and Rastall” (first published in 
1910) has been so thorough that he has made a 
new book of it. As the author points out, some 
sections have had to be shortened in order to 
make room for new matter, because, in his opin- 
ion, “‘in course of time parts of the subject have 
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become of greater and others of less impor- 
tance.” He has taken particular care in this way 
to avoid “the common error of making succes- 
sive editions of a textbook more and more com- 
plicated, so that eventvally the whole founders 
under a mass of unintelligible detail.” No doubt 
because of considerations of war economy all the 
photographic illustrations are the same and in 
the same order and described in the same words 
as in the first edition; but the quality of the 
photographs themselves and of the half-tone 
blocks would alone warrant their retention. 
(One notes that the misprint “nick” for ‘‘neck” 
in the caption of Pl. XXVIII [1], which ap- 
peared in the first edition, has not been cor- 
rected.) 

The very inferior paper used in the 1943 
impression does scant justice to the excellent 
photographs, as a comparison with earlier edi- 
tions will show. The new volume, though the 
number of pages in it is approximately the same, 
is of little more than half the thickness of the 
first edition. 

Perhaps an unjustifiable lack of faith in the 
continued popularity of this textbook has led 
to a decision to print only a small number of 
copies. This, at any rate, may be the explana- 
tion of the very high price at which the new edi- 
tion is listed. It is a matter for regret that a 
book potentially so useful for beginners should 
be so expensive as necessarily to restrict its cir- 
culation. 

Although the treatment is definitely for 
beginners, the author has inserted (as foot- 
notes) a few well-selected references to sources 
of information. He has, indeed, struck a happy 
mean between too few and too many of these 
The purpose of including references—whether 
as footnotes or in a more pretentious bibliogra- 
phy—is twofold: (1) to give credit where credit 
is due and at the same time shift some respon- 
sibility from the author’s shoulders and (2) to 
afford to students an opportunity to extend their 
supplementary reading. It is usual to omit those 
in the first category from books that are purely 
students’ textbooks; but the lists provided in 
many books for the avowed purpose of et 
couraging undergraduate reading are so voll 
minous as to defeat their own purpose. In the 
volume under review the selection is judicious; 
but the list might have been expanded some 
what with advantage along certain lines. 

A general textbook of geology is so encyclo 
pedic in its scope that it seems invidious to pick 
out any section for special comment and criti 
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cism. One must bear in mind that the need for 
conservation of space has constantly curbed 
free expression. Condensation of matter (con- 
sistently with clearness), with the omission of 
all items of information that are either irrele- 
vant to the immediate topic or unnecessary for 
the beginner, must be the keynote through- 
out. In this book the balance between diverse 
topics is well maintained; and, while a sur- 
prising amount of sound information is im- 
parted on every page, the author has found it 
possible to avoid stodginess and to maintain an 
easy, breezy style. 

The separate chapter on metamorphism, 
found so readable and so helpful by many un- 
dergraduates, which was a feature of the earlier 
editions, has unfortunately been squeezed out; 
but another useful chapter on ore deposits still 
remains. 

As far as page 299 the treatment is general; 
the book is of world-wide scope. The strati- 
graphical part, however, pages 300-477, treats 
exclusively of the geology of the British Isles. 
It would be out of place, perhaps, to criticize this 
adversely, considering the scope of the book and 
the fact that it is written primarily for students 
in those isles, but from the point of view of 
these very British students it seems unfair to 
convey the impression—as the book certainly 
that British stratigraphy, notably that of 
the Devonian, Permian, Triassic, and Tertiary, 
isan epitome of world geology. For more ad- 
vanced students in America and in the British 
werseas dominions, whose stratigraphic fodder 
consists primarily of their own local geology, 
the up-to-date summary account of the stratig- 
raphy of Britain here provided will be found 
tobe well worth reading. To them it will appear 
appropriate that for purposes of description of 
the local geology of the British Isles the names 
Permian” and “Triassic” are dropped in favor 
fa revival of ““New Red Sandstone,” though it 
may seem odd that British undergraduates are 
tobe kept in ignorance of the important marine 
lacies of these systems in foreign lands. 


C. A. CoTTon 


Inae 
10S 


Elements of Mineralogy. By ALEXANDER N. 
WINCHELL. New York: Prentice-Hall, Inc., 
1942. Pp. xiii+-535; 1 colored plate; figs. 468. 
$5.00. 

The subject is treated in six parts: crystal- 
ography and physical, chemical, descriptive, 

‘conomic, and determinative mineralogy. Crys- 
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tallography (120 pages) is mainly morphology 
(9 pages of X-ray work) as applied to models. 
There is no attempt to deal with the measure- 
ment, calculation, and projection of actual 
crystals, though the stereographic projection 
is mentioned and is used qualitatively to indi- 
cate distribution of symmetry and the face- 
poles of general forms. The author wisely em- 
ploys Mauguin symmetry symbolism. Line 
drawings appear beside photographs of models; 
Miller indices (in place of letters) are used on 
the drawings. Fifteen classes are discussed in 
detail. 

Physical mineralogy (56 includes 
optical crystallography (32 pages) in abbrevi- 
ated form. Two-thirds of chemical mineralogy 
(42 pages) is devoted to blowpipe analysis. 
Minerals are classified into ten divisions in de- 
scriptive mineralogy (176 pages), of which one 
(organic compounds) is not covered. This por- 
tion of the book is unique for an elementary 
text, in the sense that here a praiseworthy at- 
tempt is made to bring the modern science of 
mineralogy to the level of the college classroom. 
Many minerals are recognized members of sys- 
tems showing properties variable with changes 
in chemical composition; and 63 diagrams, of 
the sort found in the author’s Elements of Opti- 
cal Mineralogy, are here introduced. Many of 
these, of course, represent simplifications of the 
facts in so far as we now understand them; 
most could be reduced in size advantageously. 
Probably this phase of the book is more ad- 
vanced than is warranted by what is offered in 
the preceding portions. 

The section on economic mineralogy (32 
pages) omits silicates and covers other minerals 
in terms of basic and acidic divisions, with ele- 
ments arranged in the order of the periodic 
table. Peculiarly, groups V B and VI B are put 
with the acids; and groups III A and IV A are 
split between the two divisions. Alphabetical 
order, in terms of metals and nonmetals, would 
be an improvement. 

Determinative mineralogy (77 pages) con- 
tains four tables, based on (1) streak and specif- 
ic gravity, with four main subdivisions; (2) 
hardness, streak, and gravity, with seven main 
subdivisions; (3) cleavage, luster, and hardness, 
with five main subdivisions; and (4) refractive 
index. These tables are a valuable addition to 
the book. They and the mineral diagrams con- 
stitute the oustanding features of the work. 
They are followed by a Glossary and Index. 


D. J. F. 
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Geology and Ground-Water Resources of the Is- 
land of Maui, Hawaii. By Haroip T. 
STEARNS and Gorpon A. MACDONALD. Ter- 
ritory of Hawaii, Division of Hydrography, 
Bull. 7. Prepared in co-operation with the 
U.S. Geological Survey. Honolulu, 1942. 
Pp. xiv+344; pls. 44; figs. 46. 

Maui, the second largest island in the 
Hawaiian group, was built by two volcanoes 
East Maui, or Haleakala, and the West Maui 
Volcano, now dissected into several high peaks. 
A flattish isthmus connecting them was formed 
chiefly by lava flows from Haleakala. The old- 
est rocks exposed are very permeable basalts 
which were extruded probably in Pliocene and 
early Pleistocene time from several rift zones. 
Beginning with these outpourings, the develop- 
ment of the island has been worked out in 
thoroughgoing fashion, well described and ad- 
mirably illustrated, stage by stage, by diagrams 
and sketches of artistic merit. 

Part I by Stearns, constituting the bulk of 
the report, presents the geomorphology, gener- 
al geology, and ground-water resources, first of 
East Maui and then of West Maui. Particularly 
interesting is the so-called ‘“‘crater’” of Halea- 
kala, once thought to be a vast caldera but now 
knewn to have resulted chiefly from stream 
erosion. The top of the mountain has been re- 
moved by the headward erosion of the Keanae 
and Kaupo valleys from opposite sides of the 
island. Owing to the nature of the rocks and the 
local conditions, these valleys grew headward 
as steep-walled amphitheaters which flared out 
in ground plan as they approached the higher 
middle portion of the island. Eventually they 
met, and the dividing wall became greatly re- 
duced. Renewed volcanic activity produced 
several small cinder cones in the great summit 
amphitheater, while their flows partially filled 
the two valleys leading to the sea, thus con- 
tributing to the illusion of a caldera. This his- 
tory, and much more, is beautifully pictured in 
a succession of colored plates representing eight 
stages in the development of Maui. 

Part II is a special study of the Nahiku 
area in East Maui, while Part III gives the de- 
tailed petrography of the whole island. Both of 
these are by Macdonald. 

This report contains a wealth of varied in- 
formation, and its illustrations—airplane photo- 
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graphs and diagrammatic sketches alike—are 
unusually effective and pleasing to the eye. 


Geology. By Joun A. ALLAN. (Research Counci 
of Alberta Report No. 34.) Edmonton: Uni 
versity of Alberta, 1943. Pp. 196; pls. 45 
maps in pocket. $1.50. 


Annual reports on the geological work carrie 
out by the Research Council of Alberta wer¢ 
published up to and including 1935, when the 
were discontinued. Report No. 34 now give 
some of the results of a number of geological 
survey projects undertaken by J. A. Allan be 
tween 1936 and 1941 inclusive. In Part I the 
general geology of Alberta is discussed briefh 
and the major geological formations described 
Part II treats of the extensive salt deposit a 
Waterways in the McMurray district; Par 
III is devoted to the geology of Alberta soils 
in the 28,000 square miles where detailed soi 
surveys have been made; Part IV describes ¢ 
large relief model of Alberta; and Part 
describes and discusses the coal areas. 

Of especial interest is the thick bed of neazlj 
pure salt which measures 199 and 211 feet i 
two excellent drill cores recently obtained. Fo 
200 feet above the salt bed are many alterna 
tions of anhydrite and gypsum with some thif 
beds of dolomite and shale. Resting on thi 
sequence are limestones and shales carrying al 
early Upper Devonian fauna, which may 
correlated with the Upper Devonian lying i 
mediately above the Silurian at Peace Poin 
on the Peace River. Although no fossils wer 
encountered in the evaporite series, it is co 
sidered Upper Silurian in age. Is this a correla 
tive of the Salina of Michigan and New Yor 
indicating similar conditions in a long, narroy 
arm of the sea reaching across the contine 
from the Mackenzie arctic region? 

Banding is apparent throughout much 4 
the rock salt, and the marked regularity int 
thickness of the salt layers seems to sugges 
annual banding. An 8-foot sample of the co 
was found to contain 142 distinct layers. 
is, however, probably not yet safe to mak 
chronological estimates on this basis. 











